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ABSTRACT.
This thesis describes a study of the shear vane test which 
includes its  history, a comprehensive review of the present state 
of knowledge concerning its  analysis and interpretation and an 
investigation into the effect various factors have on i t .
A laboratory test program using a large instrumented shear vane 
allowed the shape of the shear stress distribution to be measured at 
the blade edges. A photoelastic and radiographic study on model vanes 
demonstrated the generation, size and shape of the shear zone around 
the mid-point of a vane. These measurements are shown to confirm 
analytical predictions.
The influence of progressive fa ilu re  on the interpretation of the 
vane test was assessed by means of a strain hardening - strain  so ft­
ening soil model. I t  is shown that the apparent strength derived from 
the conventional rig id  - ideally  plastic interpretation could be up 
to 18% in error, whilst the measurement of strength anisotropy by the 
two vane method may be overestimated by up to 30%.
A fie ld  test study using a motorised vane with an electronic  
system to control rotation rate , examined the influence of testing  
rate whilst the strength anisotropy of the Brent Knoll clay was 
assessed using diamond vanes. The vane was controlled over a wide 
range of constant rotation rates, constant torques and constant 
torque application rates. I t  is shown that for Brent Knoll clay the 
strength is reduced with time to undrained fa ilu re  by up to 40%.
F in a lly , recommendations regarding the execution and in terpreta­
tion of the vane test are presented. I t  is concluded that although the 
factors may combine often fortu itously to reveal an [adequate prediction  
of f ie ld  s ta b ility , they are uncontrolled and uncontrollable. Thus to 
ensure a more rational and consistent approach to design these factors 
should be assessed individually as well as co llective ly  to determine 
th e ir influence on the aquisition, interpretation and application of 
shear vane data.
ACKNOWLEDGEMENTS
The author wishes to thank his supervisors, Dr B.K. Menzies 
and Prof. N.E. Simons for th e ir guidance and encouragement during the 
course of the research. Through them the resources of the geotechni- 
cal division were mobilised to resolve the special problems of a 
combined laboratory and fie ld  research project.
The useful discussions with the authors colleagues in the 
geotechnical division relating to this and other work is sincerely 
appreciated. Special thanks are extended to Dr B.K. Menzies and 
messrs M.A. Huxley and M.C. Matthews for th e ir substantial contribution 
to the fie ld  research program.
The author wishes to thank Dr J.R.F. Arthur and Dr K. Chua of 
University College, London University for th e ir help and encouragement 
during the radiographic study.
The s k ills  of Mr R.B. Stanynaught and his colleagues in the 
workshop who manufactured elements of the motorised vane and the models 
are gratefu lly  acknowledged. The author also wishes to thank Mr B.
Pimley and Mr J. Feldman fo r th e ir contributions to the in i t ia l  
laboratory work.
The co-operation and assistance of Mr M. Roy and his s ta ff  
during the fie ld  study is sincerely acknowledged.
The script was ably typed by Ms L. Saunt, Mrs L. Huxley and
Ms M. Price whose contributions are appreciated and s k ills  acknowledged.
The diagrams were traced by Mrs M. Harris.
F inally  the author wishes to acknowledge with humility the
sincere friendship, loyalty and patience shown by his friends and 
colleagues at the University of Surrey during the course of th is  
research.
NOTATION.
M Measured moment on the torque head
C Shear strength
H Height of shear vane
0 Diameter o f shear vane
$ Soil fr ic tio n  angle
Ko Coefficient of earth pressure at rest
Au Pore pressure parameter
AU Change in pore pressure
a-js Isotropic effective stress
oy Vertical effective stress
an Horizontal effective stress
A Change in -
$ Angle of fa ilu re  surface from the horizontal
X Compressibility factor
p£ Effective preconsolidation pressure
Pq Effective overburden pressure
OCR Overconsolidation ratio
oq Effective isotropic stress a fte r sampling
J) Rotation ra te , in degrees/min
T.f Shear strength
Se (St) S ensitiv ity  of the clay
Ig Brittleness index
Er Rupture i ndex
R Residual factor (Skempton, 1964)
Sf Peak shear strength
S Average shear strength
Sr Residual strength
a Angle of fa ilu re  plane to the horizontal (Hansen & Gibson,
1948).
c>0 /  Effective soil shear strength parameters
Sa Shear strength at an angle a to the major principal
shear stress direction (Casagrande & C a rrillo , 1944)
$H Shear strength in the horizontal plane
Sy Shear strength in the vertical plane
R Degree of strength anisotropy
>Ua Correction factor for strength anisotropy fo r use with
shear vane measurements 
Su Undrained shear strength
qA Anisotropic bearing capacity
T Torque .measured on the shear vane
a Angle of shearing plane to the vertical (diamond vanes)
SuH Undrained shear strength in the horizontal _ plane*:
SUV (Sy) Undrained shear strength in the vertical plane
mv Torque on a unit height of the cylinder of rotation
MH ' Moment due to the contribution of the shear strengths
on the cylinder ends.
L Height of the vane
Cv Coefficient of consolidation of the soil
t f  Time to fa ilu re  in the vane test
e Thickness of the blades
a Perimeter ra tio
Tcr/To Normalised c r it ic a l shear strength
Dg Bjerrum correction factor (Bjerrum,1972)
JJ/\ Anisotropy correction factor for non-circular s lip  surfaces
JUc Anisotropy correction factor based on diamond vane measurements
F Factor of safety (F.O.S.)
JUm An anisotropic correction factor (Law,1978)
6p Total shear displacement at which maximum shear resistance
Kl(K3 ) Rate of increase of shear resistance with increasing shear
displacement
K2 (K4 ) Rate of decrease of shear resistance with increasing shear
displacement
Moment assuming a rectangular horizontal shear stress
V p)
T(p -f)
6
r
S
is mobilised
Total shear displacement at which resiidual shear strength 
is mobilised
Shear strength derived from the conventional r ig id -p la s tic  
analysis, S^ r _pj
Torque assuming the clay to be rig id -p la s tic  
Torque assuming the clay to be strain-softening  
Shear displacement
Distance along the radius of the vane blade
60 Rotation of vane in radians
r P Distance along the radius of the vane blade edge where
Sp is mobilised
rr Distance along the radius of the vane blade edge where
Sr is mobilised
X H/D
vUp Shear vane correction factor for progressive fa ilu re
Ki/K2 Strain-softening ratio
^(diamond) Torque measured by the diamond vane
Special case of Up for low values of Ig
This l i s t  contains the major notation used in this thesis, other 
notation is defined in the scrip t.
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INTRODUCTION
A h a lf century of re la tive  neglect was followed by the Bjerrum
empirical correction factor which focused attention of the inadequacy
of the shear vane test in particu lar the influences on the shear vane
of anisotropy, testing rate and progressive fa ilu re . The thesis
describes a study of these effects following a fundamental
reinterpretation of the shear vane. I t  is shown from the results
of an original analytical study that the influence of progressive
fa ilu re  on the shear vane is highly s ignificant. I t  is shown further
from a series of f ie ld  experiments, that the influence of testing  
of
rate is also major importance. As the prediction of f ie ld  s ta b ility  
from shear vane data is not normally as much in error as these 
studies would suggest, i t  is concluded that the shear vane test 
models to some extent the effect of these influences on the fie ld  
prototype.
1 AN HISTORICAL PERSPECTIVE OF THE SHEAR VANE TEST
1.1 INTRODUCTION
During the early years of geotechnical engineering, the shear strength 
of clay was usually determined in the laboratory using samples taken from 
borings to various depths in the ground. The more common of the early tests 
was the unconfined compression test which gave the shear strength as one 
half of the maximum measured compressive strength of the test specimen.
The structural disturbance suffered by the sample prior to the 
test and the alteration of stress conditions on the sample led to 
discrepancies between the measured shear strength and the shear strength 
calculated from s ta b ility  analyses o f f ie ld  fa ilu res , especially in the 
case of deep sliding surfaces.
In 1913 the Royal Board of Swedish State Railways appointed a 
commission to investigate the risk of slides on certain railway lines and 
to find a way of stabilis ing embankments. (Bjerrum and Flodin, 1960.)
John Olsson was appointed secretary and head of the research. I t  was 
largely due to his efforts that the Swedish Core test was developed and 
eventually demonstrated to the Commission in 1915. This was believed to 
be an improvement on the unconfined compression test and became the 
subject of further research during the 1920's. (Final Report of the 
Geotechnical Commission, 1922 ; Ekstrdm, 1927 ; Skaven-Haug, 1931.)
1.1.1 Olsson vane borer
The f i r s t  appearance of a vane type instrument was on the s ite  of 
the 800m long Lidingo Bridge in Stockholm. (Nordendahl, 1928). When, in 
1917, work started on the bridge, the site conditions appeared to be very 
severe. The bridge was to be founded on very soft clay, which had a 
depth of 10m. The German Contractors, Grun and B ilfinger, feared that the 
long piles required for the bridge foundations, would buckle in the soft 
clay. ,
Information on the reaction modulus of the clay was required and 
Olssen, who carried out the ground investigations developed a testing tool
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to determine th is . He designed a completely new device, a borer 
provided with a steel vane that could be rotated in the ground. He f i r s t  
used i t  in 1919 (Fig. 1 .1 ).
The device consisted of a rectangular steel plate at the end of a 
rod which was subjected to a torsional moment whilst the rotation of the 
plate was measured. Two tests were done in each case, one with a plate of 
dimensions 50cm high X 30cm wide; the other with a plate the same height 
but 70cm wide. By doing the test in this way, i t  was intended to 
eliminate the effec t of fr ic tio n  in the device and also between the 
device and the clay. By subtracting the results of the two tests the near 
horizontal movement of a plate 50cm high and 40cm wide was determined.
Thus the reaction modulus was measured d irec tly . Although not o rig in a lly  
intended for determining the shear strength of the clay, the instrument 
was nonetheless in principle a shear vane.
1.2 FURTHER EARLY RESEARCH
Nordendahl (1928) reported further experiments undertaken by Olsson 
in Sweden a fte r 1919. C. Forssell b u ilt and demonstrated a vane apparatus 
at the 3rd International Congress for Applied Mechanics in Stockholm 1930.
I t  appears that in Germany sim ilar experiments were made as there 
existed a German patent on a vane, dated 1929. (German patent No. 508 711 
(1929).)
Probably the f i r s t  fie ld  application and use of the vane tester in
c iv il engineering work outside Scandinavia and Europe was by A.W. McLaughlin
in Canada in 1941 on the Welland Canal. (Lea et al, 1953). This vane tester  
was used fa ir ly  extensively in connection with the studies of the slides on
the Beauharnois Canal in 1942 and in Sault Ste Marie in 1943. The vane
tester developed by McLaughlin had six vanes and the torque required to 
turn i t  was measured by a spring balancer. Both the Canadian and B ritish  
armed forces continued work on the vane's use for m ilita ry  purposes.
In 1944, the British army developed avane borer on a suggestion by 
the Building Research Station (Skempton,1948). I t  was used to test the 
bearing capacity of soft ground in connection with tank m obility studies.
2
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ELEMENTS OF FIG. 1 .2 .
1. The vane
2. Steel shaft
3. Four thin rectangular wings
4. Extension rod
5. Casing pipe
6. Coupling forming jo in ts  in the casing pipe
7. Guide plate f it te d  to every f i f th  coupling
8. Bushing which centres the rod
9. Protractor
10. Set screw which holds the protractor in position
11. Turning handle which rests on a bearing
12. Lever which is connected to the turning handle by spring
balances
13. Pointer fastened to the lever, fo r reading the protractor
14. Spring balances
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in tne eariy tests using tne vane test device, no account was taKen 
of the possible factors which might affectj the measurement of the shear 
strength. I t  was s t i l l  too early for the acceptance of a standardised code 
of practice governing the shear vane test. A real need therefore existed 
for fundamental research to quantify the possible factors affecting J the 
interpretation of the measured torque from the shear vane te s t.
1.3 DEVELOPMENT OF THE MODERN SHEAR VANE TEST
Work began in the summer of 1947 at the Swedish Geotechnical 
In s titu te . The aim of research was to develop a practical shear vane test 
device which could be used by the practising engineer with confidence.
The research also sought to quantify the various factors which, i t  was 
f e l t ,  would affect; the readings from the shear vane test device.
1.3.1 Experimental vane borer
In i t ia l ly  a very simple vane was constructed (see Fig. 1 .2 )  which 
consisted of parts of the Swedish piston sampler, and the Swedish sounding 
borer. (Cadling and 0denstad,}1950). Its  lower end consisted of a vane 
made up of a steel shaft onto which four thick rectangular wings were 
welded. Extension rods of one metre length each, connected the torque 
measuring device on the surface to the vane. The rod was surrounded by a 
casing pipe also in one metre sections.
The extension rods were long enough to allow the vane to be pressed 
below the bottom of the casing. Guide plates were f it te d  up the casing 
to centre the rod. A protractor was mounted on the top coupling, which 
was located in position by a set screw. At the same coupling a turning 
handle rested on a bearing. The rod was furnished with a lever on which
a pointer for reading the protractor was fastened. The lever was
connected to the turning handle by means of two spring balances so th a t,
when the turning handle was rotated, the force was transmitted to the
lever, and the rod was subjected to a torsional moment.
1.3.2 Practical vane borer
A practical vane borer was subsequently developed which is shown in
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F ig .1.3 andl.4 . I t  consisted principally  of two parts, i )  the lower 
part which was driven into the ground and ( i i )  the upper part, the 
instrument fo r measuring and recording the torsional moment.
1.3.2.1 Lower part
The significant improvement in the lower part of the vane borer was 
the incorporation of a protection shoe for the vane and ball bearings 
inside the casing to centre the rods. A locking device was used to secure 
the inside to the outside system whilst the casing was pressed into the 
ground. I t  could then be released automatically when the vane was 
subsequently pressed into its  testing position.
1 .3 .2 .2  Upper part
The torsional moment generated by the shear resistance of the s o il, 
passed through a torsion bar and the tw ist of this bar was a measure of 
the moment. The moment was continuously recorded on a s lip  of paper 
moved by a constant speed spring motor. The instrument was rotated by 
hand, and the rate of rotation v/as indicated by readings on a protractor.
A bell operated by the spring motor and ringing at regular intervals  
assisted the operator in maintaining a constant rate of rotation of the 
vane.
1.4 FACTORS EFFECTING THE MEASURED STRENGTH
I t  was observed at this early stage that the measurement of the 
shear strength was affected by variation in the following factors:
1. Rate of applying the moment
2. Progressive fa ilu re  due to stress concentrations
3. Vane dimensions
4. Number of vane blades.
1.4.1 Rate of applying moment
Shear vane tests were done at Bromma a ir f ie ld  using rotation rates
6
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ELEMENTS OF FIG. 1.3.
1. The vane
la . Four wings
lb . Steel shaft
1c. Longitudinal channel in shaft
Id . Hole extending rad ia lly  from shaft fo r grease lubrication
2. Protective tube surrounding the shaft
2a. Bearing
2b. Seat for a ball bearing
3. Coup!ing piece
3a. Grease space
3b. Grease f it t in g
3c. Notch
4. Coupling pin
5. Inner tube
5a. Two holes for grease f it t in g
5b. Holder
6. Lock pi ece
7. Coup!ing spring
8. Ball bearing
9. Lock pin
10. Rubber sleeve
11. Extension rod
12. Protective cap
13. Plate against which the vane rests
14. Rubber packing
15. Sealing piece
15a. Grease space
15b. Grease f it t in g
16. Outer pipe
17. Gasket
18. Lock socket screwed to upper part of outer pipe
19. Locking ring
20. Casing pipe
20a. Fixed coupling
21. Locking coupling
22. Rubber gasket
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ELEMENTS OF FIG. 1.4
1. Instrument box
la . Window
lb. Door
1c. Window
Id . Hinge fo r opening box
le . Base plate
2. Spring motor
2a. Pointer
2b. Transmission belt
2c. Bell
2d. Bell timing regulator
2e. Peg for winder to crank spring motor
2f. Start/stop knob
3. Recording device
3a. Wheel
3b. Paper si ip
3c. Magazine ro ll
3d. Table
3e. Space fo r ro llin g  up paper s lip
4. Torsion bar
4a. Pen
4b. Lever
4c. Tube
4d. Pin
4e. Tube
4 f . Ball bearing
4g. Head of square cross-section at the top of the torsion bar
4h. Square tube
5. Handles
5a. Two pointers
6. Bearing on a tube
6a. Wing nuts
6b. Protractor
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of between 0.1°/sec and 10°/sec. A marked increase in measured shear 
strength was recorded with an increase in angular velocity of the vane. 
Fig. 1.5 shows the relationship between maximum torsional moment and 
angular velocity for tests done at 2m, 4m and 6m depth.
1.4.2 Progressive fa ilu re
The growth of the rupture surface was observed on a thin sheet of 
paper, marked with a grid of radial and concentric lines, embedded in 
the soil across the centre line of the vane. I t  was found that the 
deformation on the rupture surface appeared to be comparatively uniform 
across the whole surface of the rupture, as shown in Fig. 1.6.
1.4 .3 Vane dimensions
Tests using vanes with height to diameter ra tio  H/D of 1.25, 2.50 
and 3.75 were carried out. I t  was found that the influence of the vane 
dimensions and ratio  H/D did not appreciablyjaffect: the results of the 
tests.
1.4.4 The influence of the number of vane blades on the measurement 
of shear strength
Vanes having two blades and four blades were tested under identical 
test conditions. Although i t  was fe l t  that a vane with a greater number 
of blades would cause greater disturbance when i t  was inserted into the 
ground, a two-bladed vane might induce a severe progressive fa ilu re  
condition which would be d if f ic u lt  to quantify.
1.5 THE STANDARD VANE RECOMMENDATIONS
As a result o f th e ir test programme Cadiing and Odenstad (1950) made 
the following recommendations for the shear vane test:
1. The H/D ratio  should be 2.0
2. The vane should consist of four blades
3. The rate of rotation of the vane head should be 0.1°/sec.
10
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1.6 DEVELOPMENT OF THE SHEAR VANE TEST IN BRITAIN
During a s ite  investigation in the a lluv ia l plain of the River 
Forth, near Grangemouth, Skempton (1948) found that tests on laboratory 
specimens showed no real increase in strength with depth. This was 
attributed to sampling disturbances. A fie ld  vane, based on the Swedish 
Geotechnical In stitu te  vane (Cadling and 0denstad,,1950) was developed in 
order that in -s itu  shear strengths may be evaluated which were unaffected 
by sampling disturbance.
A vane which could be used in a bore hole was designed by Bishop 
(Skempton, 1948) and is shown in Fig. 1.7.
As a f i r s t  approximation Skempton (1948) assumed that the clay 
sheared along the surface of a circumscribing cylinder whose diameter and 
height equal that of the vane. I t  was also assumed that the distribution  
of shear stress was uniform across the ends of the cylinder.
Skempton argued that there was no real reason to assume that the soil 
sheared on a circumscribing cylinder having dimensions precisely that of 
the vane. He proposed that there was an "effective diameter" equal to 
xD, where x was a coefficient to be determined by ca libration . The fin a l 
expression for the shear strength C would be:-
'■■■ _ 2M_________ _
"  ir (x D )2H ( l  )
where D = diameter of shear vane
H = height of shear vane
M = measured torque
Comparisons between the vane and compression tests showed th a t, fo r  
any given testing rate , reasonable agreement was obtained i f  x was made 
to equal 1.05.
1.7 DEVELOPMENT OF THE SHEAR VANE TEST AFTER 1950
The frequency of use of the shear vane test increased markedly a fte r  
1950. Once Cadling and Odenstad (1950) and Skempton (1948) had quantified
13
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many o t in e  Taccors seen a t  tn a t  time to  a n e t u j t n e  snear s tren yu i  
measurement in the shear vane te s t, i t  was used by engineers a ll over 
the world.
In Canada a "foundation tester" was developed by the Foundation 
Company of Canada Limited (Lea and Benedict, 1953). I t  followed the 
Bishop principle of a gear drive to maintain ample control on rotation, 
but i t  also included a mechanism for the automatic recording of the 
stress-strain curve. The vane used, however, differed s lig h tly  in that 
the blades were rectangular with the corners removed by a 45° chamfer.
See Fig. 1.8.
Many applications of the shear vane test in practice have been 
recorded subsequently. I t  has been employed in roadwork investigations 
(Smith, 1945; Evans, 1950; Thomson, 1959; Hanrahan, 1964; Birkbeck and 
Bofinger, 1965;) in foundation investigations for structures (Marsal, 1957; 
Farrent, 1960; Soderman & M illigan , 1961; Cox, 1965;) in slope s ta b ility  
investigations (Carlson, 1948; Cadling & Odenstad, 1950; Sevaldson, 1956;
Lo, 1965;) in foundation investigations for embankments and dams (Murphy,
1952; Newland and A lle ly , 1952; Bennett and Mecham, 1953; Kantey, 1953;
H i l l ,  1956; Gibbs, 1956; Anderson, 1957; Gibbs, H i l f ,  Holtz & Walker, 1960; 
H all, 1963; Jones & Marsh, 1965;) in retaining wall investigations (Skempton 
and Ward, 1952; Birkbeck & Bofinger, 1965;) in piled foundations(Soderman & 
M illigan, 1961; Lo and Stermac, 1965;) in lab investigations (Skempton and 
Bishop, 1950; Jakobson, 1953; Darienzo and Vey, 1955; Hansbo, 1957; 
Kallstenius, 1958; Golder andSkipp, 1957; Karlsson, 1961; Kailstenius,
1963;) in underwater investigations (Fenski, 1956; Smith, 1962)(see Cox 1967).
1.8 THE INTERPRETATION OF THE SHEAR VANE TEST
Whilst Cadling and Odenstad (1950) and Skempton (1948) brought to 
lig h t many of the factors which might influence the interpretation of the 
shear vane tes t, much was s t i l l  unknown about the fa ilu re  mechanism, 
effec t of strain rate and progressive fa ilu re  on the vane i ts e lf .
The classical interpretation has been modified by Flaate (1966),
Menzies and Mailey (1976) and Bjerrum (1972), whilst Wiesel (1973) and 
Aas (1967) proposed original methods of analysing the data from the te s t.
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me toi lowing cnapcer w in  uecu witn trie interpretation or trie snear 
vane test and results of recent research relating to shear stress 
distribution on the vane blades, anisotropy, strain rate e ffec t and the 
application o f the shear strength correction factors to obtain re a lis tic  
factors of safety in s ta b ility  analyses.
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CHAPTER 2
2 A REVIEW OF FACTORS AFFECTING THE INTERPRETATION OF SHEAR
STRENGTH DATA.
2.1 DESIGN AND SIMILITUDE
Fundamental to the success of any s ta b ility  analysis is the correct 
choice by the engineer of the analytical model and soil parameters which 
would best re fle c t the behaviour of the f ie ld  prototype. I t  is 
essential that the mode of fa ilu re  of the specimen and the lim itations of 
the tests to determine the soil parameters, are appreciated.
The shear strength of the soil is one of its  most important
properties. The way in which the shear strength is used in any 
calculation to determine the behaviour of that s o il, is v ita l.  Although 
i t  is uniquely related to the effective stresses existing in the soil at 
any time, there are other factors which can frequently cause a 
significant variation of the shear strength. For the lim it analysis, i t  
is assumed that the material behaves as a perfect rig id -id e a lly  p lastic  
medium. This presumes that the soil would exhibit infinitesim al straining
prior to y ie ld , but at y ie ld  i t  would strain an in fin ite  amount. However,
i t  is well known that soil exhibits a f in ite  shear stress-shear strain  
relationship, both prior to and a fte r peak shear stress. M^ny clays, in 
particular the Norwegian quick clays (Jakobson, 1953), and the Leda Clays 
in Eastern Canada (Crawford & Eden, 1966) display a vast reduction in 
shear strength once they have been subjected to large strains. This 
property of sensitive clays is but one factor which is omitted in the 
trad itional lim it s ta b ility  analysis.
I f  i t  is accepted that the lim it s ta b ility  analysis, 
assuming a circu lar arc as a surface of fa ilu re , provides an accurate 
assessment of the bearing capacity of a foundation clc.y, then to achieve 
the desired sim ilitude between the analy tica l, f ie ld  and test models, 
the shear strength parameter should be conditioned by the correct 
interpretation of the measured data in such a way as to achieve a factor 
of safety of unity at the point of fa ilu re .
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2.2 THE UNDRAINED SHEAR STRENGTH
The undrained shear strength, Su, is the c r it ic a l shear stress 
attained i f  a saturated clay is brought to fa ilu re  without change in 
volume. Although in practice i t  is assumed that Su is constant for a 
constant state of effective stress in the m aterial, this is  not so. I t  
can vary within wide lim its depending on the way in which the clay is 
brought to fa ilu re . Bjerrum and Landva (1966) showed that there was a 
significant difference in shear strength mobilised in Manglerud quick 
clay during a simple shear te s t, merely depending on whether the shear 
stresses were increased in the direction of the insitu  shear stresses or 
in the opposite direction. Considerable research has been done in 
comparing the results o f d ifferen t tests done on sim ilar specimens.
(Ladd et a l , 1977; B light, 1967; Skempton, 1948; Schmertman, 1975;
Simons, 1976; Nordlund & Deere, 1970; Bjerrum, 1973; Berre and Bjerrum, 
1973; Murphy, 1952; Bjerrum and Landva, 1966; Bjerrum & Wu, 1960;
Leussink and Wenz, 1967; La Rochelle et a l , 1973; Lunne et a l , 1976.) 
Comparisons have also been made between the results obtained when the 
test procedures have been changed i .e .  pre-test consolidation, 
reorientation of principal stresses, and stra in -ra te  varia tion . Some 
more common tests w ill be considered and the factors influencing the 
measurement of the shear strength discussed.
2.3 MEASUREMENT OF SHEAR STRENGTH
Shear strength may be determined basically in three ways:
1. by in -s itu  fie ld  tests.
2. by laboratory tests.
3. by back-analysis of fie ld  fa ilu res .
The choice between a laboratory or in -s itu  testing program is 
normally dictated by the soils response to factors lik e  the influence of 
sampling disturbance and stress r e l ie f ,  the re la tive  d if f ic u lty  of 
sampling and cost.
In order to study the influence of the factors affecting the shear 
vane test and to compare i t  with the influence on other tes ts , i t  is 
necessary to examine how the undrained shear strength in general responds
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to a variation in these factors.
2.4 FACTORS INFLUENCING THE MEASUREMENT OF UNDRAINED SHEAR STRENGTH
2.4.1 Effect of stress history on undrained strength
Prior to sampling the clay element is usually subjected to an 
effective stress system which is anisotropic. The ratio  of horizontal 
to vertical effective stress in a one-dimensionally consolidated 
horizontally la id  clay deposit is given by Ko = o^/oy 2.1
Bishop (1958) found that the Ko for normally consolidated clays 
may be expressed as:
K = 1 -  Sin<f> . . . 2.2
where <f> is the fr ic tio n  angle at maximum obliqu ity . This expression was 
in i t ia l ly  proposed by Jaky (1948) for granular so ils .
With an increase in over-consolidation; ra tio , OCR, the value of Ko 
increases, and can reach values of between 2 and 3 for OCR's exceeding 8. 
During sampling, the specimen is subjected to a reduction o f total 
stresses to zero. Ladd and Lambe (1963) give an expression for the 
isotropic effective stess a fte r perfect sampling as:
ais = av [Ko + Au(l - Ko) ]  2.3
where
Au = (Au -  Aa^)/(Aay - Aa )^ 2.4
Au is the pore water parameter relating the undrained release of 
shear stress which existed in the ground under Ko conditions, to an 
isotropic state of effective stess.
Perfect sampling may be regarded as the condition where the sample 
suffers only stress re l ie f  during sampling and no mechanical disturbance.
Ladd (1965) demonstrated that the undrained shear strength of 
clays is not necessarily unique but may vary depending on the stress 
system applied during shearing. By doing undrained tr ia x ia l tests on 
anisotropically and isotropically consolidated specimens, i t  was shown 
that Af, the pore pressure parameter, and <f> were generally lower in the
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case of anisotropically consolidated samples tested. I t  was also shown 
that there was a 2 fold variation in the undrained shear strength 
measured on 2 normally consolidated clays starting with a Ko stress 
system, depending on whether the axial stress was increased or decreased.
An expression was developed using the 'A theory' (Skempton, 1948) 
for the shear strength as measured in the unconfined compressiontest, 
a fte r i t  had been isotrop ically consolidated. This expression gave a 
shear strength approximating closely to the strength mobilised in the 
ground. I t  was found that the strength of a clay, which has been normally 
and anisotropically consolidated in nature, depends not only on the 
consolidation pressure p but also on the orientation $ of the fa ilu re  
plane. (Fig. 2.1)
Direction of 
Movement /
Sliding Surface
oC
FIG 2.1 : DIAGRAM SHOWING ORIENTATION OF PRINCIPAL AXES 
OF STRESS AND SLIP PLANE AT FAILURE. 
(AFTER HANSEN AND GIBSON, 1949)
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Hansen and Gibson (1949) give the following expression fo r the 
shear strength ra tio ;
— -  KCos + |(1 + K)Sin^ r^
where K = the ratio  of principal effective stresses
<f> = angle of fr ic tio n  
A = compressibility factor
Co = i  P(1 -  K)
a = 45 + 4>/2 ; degrees |
3 = angle of fa ilu re  surface from the horizontal
I t  is desirable therefore to reconsolidate the soil in the laboratory 
in order to simulate its  structural behaviour. Bjerrum (1973) and Berre & 
Bjerrum (1973) provide a strong case for Ko reconsolidation prior to 
testing.
Sutton (1979) and Menzies & Sutton (1980) carried out Ko consolidation 
oncoarse Ripley sand prior to drained and undrained tr ia x ia l testing. The 
results showed that for the undrained tr ia x ia l test to produce stress- 
strain relationships for coarse sand closely approaching the simulated 
f ie ld  relationships under construction loading, the test should be 
anisotropically reconsolidated to the modelled in -s itu  stresses. In th is  
respect they found that Ripley sand modelled the undrained behaviour of
Boston Blue Clay (Ladd, 1964) and Sydney Kaolin (Davis and Poulos, 1967).
In soft clays, however, there is a danger of destroying the fabric  
of the material during reconsolidation. Ladd and Lambe (1963) maintain 
that the reduction in voids ratio  due to reconsolidation can give an 
overestimate of the shear strength, whilst on the other hand Bjerrum (1973) 
argues that the reduction in voids ra tio  is compensated for by 
swelling during the sampling phase,.
A problem is encountered when deciding on what value of p j to use
in the preconsolidation phase. I f  an overconsolidated clay is 
reconsolidated in a tr ia x ia l cell above its  Pc value, a marked difference  
in the ra tio  Su/p7 is found between the f ie ld  condition and laboratory 
test condition. To eliminate the effects of stress history, Ladd and 
Foote (1974) developed a procedure which normalised the influence o f
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overconsolidation. The method assumed that any two samples of a specific
soil having the same overconsolidation ra tio , but d iffering  p / and p/  c o
values, would share a common value of Su/p0 . The method also re lies  on
the fact that the soil would display a constant value of Su/pJ when
p '  > p 7 , i.e «  behave as a normally consolidated s o il.U v
Pc7 is in i t ia l ly  determined using oedometer tests over the range of 
depths considered. A relationship of OCR with depth may be determined 
with knowledge of p^  . Two sets of tests are then carried out. F irs t ly  
the samples are consolidated to d ifferen t stress levels above p  ^ and sheared, 
in the undrained mode. This gives a relationship between Su and p ^  The 
second set of tests requires the samples to be consolidated to d iffe ren t
stress levels above p^ and then unloaded to p'" = pc'  . The samples are
then sheared in the undrained mode. A relationship between OCR and Su/pJ 
is then obtained. From these two relationships the value of Su can be 
determined for any value of pQ'  .
Ladd et al (1977) took this further by considering 6 d iffe ren t 
clays. I t  was found that when the undrained shear strength was 
normalised by the expression
lSuyP_ )overconsoll dated   and plotted against the Qver_
(Su/p )normally consolidated 
consolidation ra tio , the relationships for a ll. 6 clays fe l l  within a very 
narrow band which may be expressed as
.(Su/p )..°.-c - = 0CRm 2 6
(Su/p )N.C.
with m = 0.8.
Thus the stress history of the clay may be taken into account when 
determining Cu. A danger lie s  in overconsolidating a sample to a degree 
where the clay fabric is disrupted. This could lead to spurious resu lts , 
specifica lly  in lightly overconsolidated clays.
2.4.2 The effec t of sampling disturbance on undrained shear strength
2.4.2.1 Quality of sampling
Since Hvorslev (1949) produced his work on sampling of soft clays
23
very l i t t l e  advancement has been made on the subject. This has formed the 
basis for the design of samplers a l l  over the world. Subsequently the 
many factors influencing the quality of the clay samples have come under 
scrutiny and examination. These factors include both mechanical 
disturbance and re l ie f  of stresses.
2 .4 .2 .2  Mechanical disturbance
This is the most obvious source o f disruption of the clay fab ric . 
When a sampling tube is introduced into the ground the material is 
subjected to rapid strains. Due to  fr ic tio n  acting between the sides of 
the sampler and th e  clay, a significant reorientation of particles and 
remoulding takes place. The ends of the sample are usually greatly  
remoulded with the central portion remaining in tact. The volume of 
disturbance on the sides of the sample is a function of the p la s tic ity  
of the clay. The greatest disturbance can be expected on clays of low 
p las tic ity  and low sensitiv ity . This is understandable as the highly 
sensitive clays have such low remoulded strengths that the fr ic tio n  
between the sampler and the clay is e ffec tive ly  eliminated.
Further disturbance to the clay samples, such as transporting, 
extruding and trimming to mention a few, a ll contribute to a reduction 
in sample quality prior to testing. Some clays which reach a 
c r it ic a l shear stress at very low strains are particu larly  sensitive to 
small distortions during the sampling process. (Berre, 1969; Berre & 
Bjerrum, 1973.)
Ladd & Lambe (1963) in defining a condition of perfect sampling 
(see previous section), measured values of the residual e ffective  
stress of the actual sampling (ar ) .  The ratio  ar / o ^ s can then be 
taken as a measure of degree of excessive disturbance. I t  was found that 
this varied from 0.11 to 0.43 for Kawasaki clays and 0.01 to 0.34 fo r  
Boston Blue Clay. I t  is shown that unconsolidated undrained strengths 
obtained fro m  the tube samples are s ign ifican tly  lower than those obtained 
from tru ly  undisturbed samples.
2 .4 .2 .3 . Stress re lie f
During the sampling process the total stresses on the soil sample
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are reduced to zero and negative pore pressures set up in the s o il. In a 
perfectly undisturbed sample the pore-pressure U can be expressed as
U = -  a ' [Ko + Au(l - Ko)] 2.7
This expression should be compared with equation 2.4 in the 
previous section. I f  the clay behaved as a perfectly e lastic  material 
the parameter Au = 1/3. This is not the case in practice and Au is 
generally less than 1/3.
This reduction in pore water pressure may well be due to the 
migration of moisture from the more disturbed regions of a sample to 
the undisturbed region in the centre of the sample which is subjected to 
a higher negative pore water pressure. (Bjerrum, 1973).
Prior to fa ilu re  the stresses in the ground are anisotropic with 
av = .Po and = Kop A , where Ko = coeffic ient of earth pressure at 
test. When a borehole is d rille d  in the ground, the horizontal e ffective  
stresses are marginally affected whilst the vertical e ffective stresses 
are reduced. A state of passive fa ilu re  is incipient at the bottom of 
the borehole. After the sample has been extracted from the bottom of 
the borehole the total stresses acting on i t  are zero, and i t  is 
subjected to an isotropic effective stress. The level of th is e ffective  
stress is a function of the degree of sampling disturbance. Fig. 2.2 
shows the effective stresses applied to a sample during these stages.
U.C-test 
at failure.
Sample after 
extraction
State at bottom 
OF borehole.
Initial state in 
the ground.
FIG. 2.2. POLAR DIAGRAM SHOWING CHANGES OF 
EFFECTIVE STRESSES DURING SAMPLING.
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I t  can be seen therefore that undisturbed sampling of clay has the 
following influence on its  behaviour (Kenney, 1967).
1. Actual stresses in samples are much lower than those one might 
expect from a "perfect sample".
2. The stress system is d ifferen t from the stress system in the ground.
3. The clay does not behave e la s tic a lly  when the in -s itu  stresses are 
restored. I t  is then d if f ic u lt  to reproduce in -s itu  behaviour in the 
laboratory.
4. Results of strength tests interpreted with respect to to tal stresses 
are s ign ifican tly  affected by sample disturbance whilst the strength 
determined using effective strength parameters, is not.
2.4 .3 The influence of the rate of loading on undrained shear strength
The influence of testing rate on the results of laboratory and 
f ie ld  shear tests has been the subject of investigation for some years.
As early as 1948 Skempton found that for both unconfined compression tests 
and shear vane tests an increase in the time to fa ilu re  resulted in a 
decrease in measured shear strength.
This relationship between shear strength and rate of loading has 
been investigated using the shear vane (Cadling & Odenstad , 1950;
Pugh, 1978; Brown, 1969; Wiesel, 1973; Aas, 1965;), the laboratory vane 
(Skempton & Northey, 1952) and laboratory compression tests (Bjerrum, 
Simons & Torblaa, 1958; Casagrande & Wilson, 1951; Casagrande & Shannon, 
1949; Seed, Mitchel & Chan, 1960; Goldstein & Ter-Stepanian, 1957;
Whitman, 1960; Berre, 1969.)
I t  has become apparent that some kind of correction factor should 
be applied to the results of the various tests to bring each in lin e  
with the f ie ld  shear strength. Hausel (1957) suggested that in order 
to make the measured shear strength in each test compatible with the 
other, the shear strength/strain rate relationship should be extrapolated 
back to zero strain rate. This would be necessary in order to compare 
the rate of shear deformation in each te s t, which determines the 
magnitude of the measured shear strength, and not the rate of loading.
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I t  would appear that this phenomenon is not confined to undrained 
tests and therefore not exclusively a function of pore pressure generated 
at fa ilu re , but is also apparent in drained tr ia x ia l tests. (Berre, 1969). 
This phenomemon was not observed by Bjerrum,Simons & Torblaa (1958), who 
suggested that this may be due to a combination of the reduction in 
true cohesion and/or the true angle of fr ic tio n  with time which was 
compensated for by an increase in drained shear strength due to the 
decrease in water content. (See Fig. 2.3)
2*5
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FIG. 2.3. UNDRAINED SHEAR STRENGTH AGAINST TIME 
TO FAILURE. ( AFTER BJERRUM et a l,1958  )
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Data from tin drained tr ia x ia l compression tests on samples of p lastic  
clay from Drammen (Ip  = 29.%)., Norway, anisotropically consolidated to 
in -s itu  stresses, show that the rate of shear strain increases very 
nearly exponentially with the ratio  of the applied shear stress to the 
shear strength observed at a standard rate of testing. (Berre and 
Bjerrum, 1973). This agrees with a relationship found by Wiese! (1973) 
by which the shear strength measured by the shear vane test may be 
plotted in a double-logarithm diagram as a function of the rotation ra te , 
the results being approximately a straight line of the form
CL
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FIG.2.4. VARIATION WITH DEPTH OF SHEAR  
STRENGTH AT DIFFERENT RATES OF 
ROTATION. (A FTE R  W IESEL, 1973 )
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where Kj is a constant in Kn/m 
K2 is an exponent
d) is the rotation rate , in degrees/min 
is the shear strength.
Fig. 2.4 shows the variation with depth o f shear strength at d iffe ren t 
rates of rotation.
Wiesel found that fo r theSka-Edeby clay the exponent K2 decreased 
with increasing shear modulus of the clay from 0.1 to zero. I t  may be 
inferred therefore, that the measured strength of softer clays is more 
sensitive to changes in rotation rate than the strength of s t i f fe r  
clays. (See Fig. 2 .5 .)
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FIG. 2.5. RELATION BETWEEN THE EXPONENT K2 
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( AFTER WIESEL, 1973 )
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Whether or not the reduction in undrained shear strength with time 
may be explained as a function of the increase Of pore pressure at 
fa ilu re  with time, has been investigated by Wilson (1963) using a 
laboratory vane, Bjerrum et al (1958) by means of consolidated undrained 
and drained tr ia x ia l tests and Berre & Bjerrum (1973), again by means of 
undrained tr ia x ia l tests.
An increase in A.p, the pore pressure parameter, at fa ilu re  was found 
when the time to fa ilu re  increased in tests done by Bjerrum e t al (1958), 
See Fig. 2.6. I t  was fe l t  that this p a rtia lly  explained the measured 
decrease in shear strength with increased time to fa ilu re .
The same phenomenon was measured by Wilson (1963) using the 
laboratory shear vane in a clayey s i l t  from Port Dover, Ontario (L.L = 26; 
P.L. = 1 7 ) .  Pore pressures were measured on the vane edges. I t  was 
found that with an increase in angular velocity i .e .  decrease in time to 
fa ilu re , a decrease in pore water pressure at fa ilu re  was observed. See 
Fig. 2.7 and 2.8 . I t  can be seen that from the increases in 
negative pore pressure with the increase in torque at fa ilu re , the 
undrained laboratory vane test on s ilts  seems to acquire the 
characteristics of a drained test in d ila tant so ils .
The magnitude of this e ffect on the measured torque could not be 
quantified due to the presence of other constraints such as size and 
r ig id ity  of specimen container, surface effects and voids ra tio , which 
affect the shear strength of the clay.
Bjerrum (1973) attributed the change in shear strength with time to 
fa ilu re  largely on the viscous nature of the cohesive component of the 
clay. To demonstrate this e ffect Berre & Bjerrum (1973) showed the 
correlation between the shear stress, rate of strain  and shear strain  
obtained from undrained tr ia x ia l compression tests on undisturbed samples 
of Drammen Plastic Clay consolidated to the same stresses they carried  
in the f ie ld . (See Fig. 2.9) They make the point that sim ilar results 
were achieved on drained tr ia x ia l tests.
I t  can be seen that for a sustained shear stress, the rate of shear
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FIG. 2.5. THE PORE PRESSURE PARAMETER AT FAILURE, Af  
AGAINST TIME TO FAILURE. ( AFTER BJERRUM et a l,1958)
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FIG. 2.7. DEPENDENCE OF MAXIMUM TORQUE ON 
ANGULAR VELOCITY OF TORQUE D IA L-  
VANE TESTS IN SILT. (W ILSO N ,1963 )
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strain w ill decrease with increasing strain until a point o f equilibrium  
is reached and the specimen w ill ■ be subjected then to a constant creep.
At this point a ll the available fr ic tio n  w ill have been mobilised and the 
effec t of the time dependent cohesive bonds w ill cease.
2.4 .4 The effec t of progressive fa ilu re  on the measurement of shear 
strength
2.4.4.1 Stress-strain relationship
I t  is assumed in a conventional lim it s ta b ility  analysis that the peak 
shear strength of the soil is mobilised simultaneously along the whole 
length of the fa ilu re  surface. The soil is thus assumed to behave as a
rig id  ideally  plastic medium and to have no f in ite  stress-strain
relationship prior to y ie ld .
The inherent stress-strain relationship as a property of the soil 
is thus not taken into account when the s ta b ility  of an embankment, say,
is analysed. I f  a specimen of clay is subjected to a shear
displacement in a laboratory apparatus, an increase in shearing resistance 
with an increase in shear displacement w ill be observed. This w ill 
continue until a maximum shear resistance w ill be mobilised in the clay 
under the existing applied effective normal stress. The resistance w ill 
then decrease with a further increase in shear displacement. This w ill 
continue until a constant value of shear resistance is reached which w ill 
be mobilised under any further displacement.
Skempton (1964) defined this process as "strain-softening", a 
phenomenon which may be very pronounced in some clays. The maximum 
shearing resistance displayed by the clay may be termed the "peak strength" 
whilst the ultimate strength mobilised a fte r strain-softening may be 
regarded as the "residual strength".
2 .4 .4 .2  Occurence of the strain-softening phenomenon
Although the phenomenon of strain-softening as defined by 
Skempton (1964) is relevant to a ll clays, i t  is  of particu lar significance 
in heavily overconsolidated clays, cemented clays and sensitive clays.
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Insensitive, overconsolidated clays tend to expand during shear, 
especially a fte r the peak strength has been reached. The resultant 
increase in water content, the reorientation of particles along the 
shear plane, local overstressing, and time effects , combine to 
mobilise a reduced strength at large strains. The peak strength 
measured in conventional laboratory and f ie ld  tests is greater than 
this value and consequently, i f  used in design, results in the use of 
an over-estimated shear strength in the s ta b ility  analysis.
The more open bonded, sensitive clays, exist in nature at high 
void ratios. Even though they may be substantially over-consolidated or 
owe th e ir apparent s ta b ility  to cemented bonds, small strains are 
required to disrupt this structure. The resultant rapid increase in pore 
water pressure due to the collapse of this structure and decrease in 
volume causes a decrease in effective stress on the fa ilu re  plane. This 
results in a reduction in shear strength available on the fa ilu re  plane.
A state of zero effective stress exists in the fa ilu re  plane of a 
flow slide of a sensitive clay. The concept of residual strength might 
not then be applicable.
I t  is observed that the differences between the peak and residual 
shear strengths in soft s il ty  clays is very small, whilst most 
overconsolidated s t i f f  clays show a significant difference in 
peak and residual strength. The difference also becomes more 
pronounced with the increase of p las tic ity  index of the clay.
Kenney (1967) has shown that the type of clay mineral present
may govern the magnitude of the residual strength. He found
that with the same ion concentration in the pore f lu id , the
residual fr ic tio n  angle varied from 4 for sodium montmorillonite
to 24° for hydrous mica or m i t e .  As the s a lt content increased Kenney
determined that the residual strength increased fo r any particu lar clay.
2 .4 .4 .3  S ensitiv ity  and brittleness index.
The sens itiv ity  of the m aterial, or the ra tio  of the peak strength 
to the residual strength is expressed as
Se = | £  2.9
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This gives d irectly  the degree of reduction of available shear strength 
whilst the brittleness index may be written as
. Ig = sf Sr S (Bishop, 1967) 2.T0
This is equal to (1 -  A )^ x 100% where A^  is H aefeli's  "residual 
coeffic ient". (H aefe li, 1965). The brittleness index expresses 
d irec tly  the maximum percentage error which can arise due to progressive 
fa ilu re  in a b r it t le  s o il. This index depends on the normal pressure 
and generally decreases with increasing normal pressure. Brittleness may 
also be considered in terms of energy expended.
The shape of the stress-strain curve can be taken into account by 
considering the energy required to reduce the shear resistance to 
residual strength.
‘ R -  V* ^
where is called the "rupture index". (Bishop, 1967).
E^  is the ratio  of work done in shearing from peak strength to 
residual strength to the work done during the same process assuming the 
clay showed no loss of strength.
2 .4 .4 .4  Progressive fa ilu re
A very good defin ition of progressive fa ilu re  is given by 
Terzaghi and Peck (1948), which relates the progression of a fa ilu re  
over a potential surface of sliding from a point to the boundaries of the 
surface, to prevailing non-uniform stress-strain conditions in the 
m aterial. This defin ition is non time-dependent and is a function o f the 
particular stress-strain and strain softening behaviour of the clay.
The mechanism may be explained by considering the generation of 
maximum shear stresses in a uniform embankment and foundation assuming 
a uniform, cohesive and e lastic  material (Bishop, 1952; a fte r  Turnbull 
and Hvorslev, 1967). See Fig. 2.10 which indicates q u a lita tive ly  the 
distribution of shear stresses which may be expected within an 
embankment and foundation.
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The progression of fa ilu re  zones may develop from local overstressing 
and shedding of load due to large deformations and subsequent s tra in - 
softening, or from a rise in pore pressure due to constant loading.
A change in pore pressure under constant loads or a change in load i ts e l f  
v/ould result in an extension of the zone of fa ilu re  along a potential 
fa ilu re  surface.
2 .4 .4 .5  State of lim iting  equilibrium
This state w ill exist once the potential surface has been defined and 
the shearing resistance along the fa ilu re  plane is in various stages 
of mobilisation including post peak levels and residual strength. I t  is  
the average shearing resistance over the entire fa ilu re  surface which 
would dictate the state of equilibrium of the loading condition. (Bishop* 
1967).
Skempton (1964) proposed a residual factor to define the average 
shear strength acting on a fa ilu re  surface. I t  is given by the factor R 
where
R = | r - r - | r (See Fig. 2.11) . 2.12
Sf = peak strength of sample from a fa ilu re  zone
S = average fie ld  shear strength from the analysis of the 
fa ilu re
Sr = Residual strength of specimens from the fa ilu re  zone.
On examination of three slopes and cuttings Skempton found values 
of R from 0.5 to 0.8 for fissured, jointed and weathered London clay.
2 .4 .4 .6  Progressive fa ilu re  in strength testing
The occurrance of the progressive fa ilu re  mechanism in in -s itu  
and laboratory testing has been recognised (Schmertman, 1975; La Rochelle 
& Lefebvre, 1971; Bjerrum, 1973.)
The shear vane test is particu larly  susceptible to progressive fa ilu re  
action on the tips of the blades. Examination of the torque-rotation
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FIG 2.11: RELATIONSHIP BETWEEN S f,S  AND Sr 
(after SKEMPTON,1964)
curves of shear vane tests w ill show any indication of strain-softening  
in the clay. This strain-softening process might well cause d iffe ren tia l 
mobilisation of shear strength due to the anisotropic nature o f the soil 
and axisymmetric geometry of the shear vanes.
La Rochelle & Lefebvre (1971) have shown that the shear strength 
measured in weak, sensitive, cemented Lake Champlain clay by shear vane 
tests is considerably less than that measured in compression tests on 
block samples. This has been attributed to progressive fa ilu re  occurring 
on the vane blades.
2.4.5 The e ffec t of anisotropy on undrained shear strength
2.4.5.1 Induced and inherent anisotropy
The study of the influence of anisotropy and stress reorientation  
on the shear strength of clay has been undertaken for a number of years. 
As early as 1937 Hvorslev investigated the effects of anisotropy using 
unconfined and tr ia x ia l compression tests on samples cut a t various 
angles to the principal stress axes.
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The importance of soil strength anisotropy, either inherent 
owing to deposition or induced by an applied system of stresses, becomes 
apparent when the mechanism of fa ilu re  of an embankment is considered.
I t  is accepted that the fa ilu re  surface in a homogeneous cohesive soil 
may be approximated by circular arc. Consider an embankment in the 
state of incipient fa ilu re , i .e .  just prior to a rotational slide along 
the fa ilu re  surface. I t  can be seen on Fig. 2.12 that the orientation  
of the fa ilu re  arc is d ifferen t at each point. As the orientation of the 
fa ilu re  plane of an element with respect to the principal stresses applied 
to i t  remains constant, i t  can be seen that there is a rotation of 
stresses during fa ilu re . I f  the clay is anisotropic with respect to 
undrained shear strength then the ra tio  o f the undrained shear strength 
to the consolidation pressure w ill also vary along the surface of 
fa ilu re .
Undrained shear strength anisotropy may be regarded as fa llin g  into  
two categories:
1. Inherent anisotropy
2. Induced anisotropy
Inherent anisotropy is a property of the clay and is created during 
deposition v/hen the clay particles tend to ..align themselves in a 
position of minimum potential energywith th e ir long axes horizontal or 
normal to the direction of the consolidation pressure caused by further 
deposition or overburden. This characteristic is independent of any 
applied stress system.
Duncan and Seed (1966) considered the anisotropy of a clay to fa l l  
into two possible types:
1. Anisotropy with respect to the values of the shear strength
parameters in terms of effective stresses, e ither c and <j>7 or ce and $e .
2. Anisotropy with respect to the development of pore water pressure
i .e .  the application of the same change in total stress w ill resu lt in 
d ifferen t changes in pore water pressures, depending on the orientation  
of the applied stresses.
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Induced anisotropy arises as a result of a change in stress history  
or the applied stresses (e.g. construction of an embankment). This 
category of strength anisotropy may be regarded as being exclusively due 
to the strain associated with the applied stress system.
These two categories of strength anisotropy very rarely act 
independently of each other, and usually combine to a certain degree to 
demonstrate the total anisotropic strength distribution of the material 
at the point of fa ilu re .
Bjerrum (1973) drew a distinction between the anisotropy exhibited 
by "young" and by "aged" clay. A fter deposition the clay would have 
continued to consolidate under the vertical overburden pressure.
Shear stresses would have been generated, exceeding the shear 
resistance available at the time. This would have been associated with 
an increase in Ko until equilibrium was once again achieved. With time 
reserve shear strength is developed, in excess of the shear stress 
existing in the system.
In an aged deposit, the effective fr ic tio n  mobilised on a plane at
an angle a to the principal stress direction may be described as
Taged = To +(°aTan'i’c _ To)Dra (Bj errum> 1973) 2- 13
where Dm is a parameter describing the amount of shear resistance
available in excess of x .a
Based on th is , the c r it ic a l shear strength ratio  on a plane at an
angle a to the major principal stress w ill be
where kp  ^ is the available effective cohesion, o
Inherent anisotropy is produced by variations in the soil fabric  
on the macroscopic scale. Varved glacial lake deposits containing 
alternating layers of s i l t  and clay as well as s t i f f  fissured clays lik e  
London Clay (Bishop, 1948) exhibit anisotropic strength properties.
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Duncan and Seed (1966) discussed the effects of reorientation of 
stresses on clays which exhibited inherent anisotropy. An expression for 
cu/p in terms of c ' and was proposed as follows based on Hansen & 
Gibson (1948)
cu/p = ~  Cost})7 +-^(1 + Ko)Sincf>/ -  S inf (2A -  1) [X] 
where X = ^ | 2 -  (1 -  Ko)Cos 2 (45 + a) + (  j 2 2.15
where a=angle of the fa ilu re  plane to the horizontal
and A = (Skempton, 1948)
c ' and y  may be replaced by c and which would reveal a more
S c
conservative variation in shear strength ra tio .
Fig. 2.13 and 2.14 show the variation of undrained shear strength 
ra tio  with a using typical values of c and ({/which might apply to an 
anisotropically consolidated undrained test on normally consolidated clay.
Plotted on F ig .2.14 also is the theoretical distribution of cu/p 
which may be encountered at East Brent, Somerset, using
c '  = 0 and $ / = 25°
The implications of this variation are discussed in Chapter 7.
Since Darwin's work in 1883 on anisotropy further evidence has been 
collated which demonstrates the significance of anisotropic strength 
properties in normally and lig h tly  overconsolidated saturated clays. These 
include laboratory programmes. (Duncan & Seed, 1966; Bishop and L i t t le ,  
1967; Bjerrum and Landva, 1966; Ladd, 1965; Broms and Casbarian, 1965; 
Bjerrum & Kenney, 1968; Graham, 1979; Berre, 1969; Bjerrum, 1973;
Law, 1979; Brown,.1969; Inglis & Lee, 1971; Ward, 1957; Mitchel, 1972;) 
and in -s itu  fie ld  tests (Skempton, 1948; Aas, 1965; 1967; Di Biaggio 
& Aas, 1967; Richardson et a l , 1975; Dascall & Tournier, 1975;
Menzies & Mai ley, 1976.)
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FIG. 2.12. ROTATION OF PRINCIPAL STRESSES ON A FAILURE 
PLANE UNDER AN EMBANKMENT
Clay type I  (Hansen & Gibson, 19^9) 
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■2.4.5.2 Variation of shear strength
The variation of undrained shear strength with the direction of 
principal stress has been investigated by many researchers.
(Casagrande & C a rr illo ,1944; Aas, 1967; Richardson et a l , 1975; Law, 1978; 
Lo, 1965; Davis and Christian, 1971).
In tu itiv e ly  Casagrande and C arrillo  proposed the relationship
Sa -  S|_j + (Sy -  S^ j) Sin2a 2.16
where a is the angle between the major principal stress direction and 
the ve rtica l. This equation was given by Timoshenko (1934) as the unit 
extension in any direction in terms of the principal extension in an 
elastic  medium.
An e ll ip t ic a l distribution accommodated the shear strength 
measured on the 45° plane using a triangular shear vane (Aas, 1967). The 
vertical and horizontal shear strengths were determined by rectangular 
vanes of d ifferen t H/D ratios. This technique however which is discussed 
in Chapters Three and Eight is ill-conditioned.
A more elaborate expression was proposed by Richardson e t al (1975)
S3 = SHSv(SH2Sin3 + Sv2Cos23)“  ^ . . .  2.17
where 3 is the angle of the fa ilu re  plane to the horizontal. This is
also based on measured shear strengths of soft clay determined by diamond 
shear vanes. The above equation is derived from an e ll ip t ic a l  
distribution .
Polar regressions, however, done on the shear strength variation  
proposed by Casagrande and C arrillo  have led to reasonable correlation  
of data (Menzies and Mai ley, 1976; Law, 1978; Menzies and Simons, 1977.)
2 .4 .5 .3  Correction factors
Anisotropy may be taken into account in two d iffe re n t ways when 
dealing with a s ta b ility  analysis. A variation in undrained shear
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strength with direction of applied stress may be combined with the 
effect of the rotation of principal stresses along the fa ilu re  plane.
This relationship could then be b u ilt into the s ta b ility  equation taking 
into account effective overburden pressure and variation of m aterial.
The alternative process would be to determine the influence of the 
observed anisotropy and to use a correction factor to account f o r . i t .
Based on Casagrande and Carrillos work, Lo (1965) presented 
charts to determine a s ta b ility  No.,N to be used in a lim it s ta b ility  
analysis, taking into account anisotropy. See Fig. 2.15 and 2.16.
This correction factor does not take into account the source o f the 
measured undrained shear strength,nor its  sim ilitude with the fie ld  
fa ilu re  condition (Menzies, 1975).
In an attempt to quantify the influence of anisotropy measured by 
the shear vane te s t, Bjerrum (1973) reanalysed 11 embankment fa ilu res  on 
soft clays (Table 2 .1 ). The back analysed factors of safety were, with 
the exception of 3 cases, greater than one. I t  was well known that the 
shear vane test overestimated the undrained shear strength. (Casagrande, 
1960; Ladd, 1969; Eide & Holmberg, 1972; Flaate, 1966; Eden, 1966;
Graham, 1979; Nordlund and Deere, 1970; Leussink & Wenz, 1967;) This 
was attributed largely to the influence of anisotropy, rate of loading 
and progressive fa ilu re . Bjerrum presented a relationship between the 
back analysed factor of safety and the p las tic ity  index of the d iffe ren t 
clays. (Fig. 2 .17). This relationship was used to create a correction 
factor to be applied to the undrained shear strength measured in the 
shear vane test. (See Fig. 2.18) The corrected Su would then be used 
in the <f> = 0 s ta b ility  analysis.
Further cases have been added to the original l i s t  of fa ilu re s . 
(Menzies and Simons, 1977). Objections to this relationship are based 
on the fact that the p la s tic ity  index is a property of a remoulded clay 
and cannot re fle c t the original nature of the clay's fabric (Schmertman, 
1975.)
I t  is believed that the Bjerrum (1972) correction factor encompasses 
the effects of both rate of loading and strength anisotropy as no attempt 
was made to d ifferen tia te  between the two influences. Menzies (1976), in
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IMBLt C . Y
EMBANKMENT FAILURES BACK-ANALYSED BY 
BJERRUM,..(1.972,19731 AND MENZIES AND SIMONS (1977)
No. Reference and Location Factor of 
Safety, F
P la s tic ity  
Index, Ip%
1* Parry and McLeod (1967), Launceston 1.65 108
2* Eide and Holmberg (1972), Bangkok, A 1.61 85
3* Eide and Holmberg (1972), Bangkok, B 1.46 85
4* Golder and Palmer (1955), Scrapsgate 1.52 82
5* P ilo t (1972), Lancester 1.38 72
6 Eide (1968), Bangkok 1.5 60
+7 Peterson e t a l  (1957), Seven Sisters 1.5 59
8* P ilo t (1972), Saint Andre de Cubzac 1.4 47
9* Dascal et al (1972), Matagami 1.53 47
10* P ilo t (1972), Pornic 1.2 45
■11 Serota (1966), Escravos Mole 1.1 40
12 Roy (1975), Somerset 1.2 36
13 Menzies and Simons (1977), Brent Knoll 1.37 36
14* Wilkes (1972), King's Lynn 1.1 35
15 Lo and Stermac (1965), New Liskeard 1.05 33
16* P ilo t (1972), Palavas 1.30 32
+17 Stamatopoulos & Kotzias (1965), Thessalonika 1 30
+18 La Rochelle et al (1974), Saint-Alban 1.3 - 25
19 Flaate and Preber (1974), Jarlsburg 1.1 25
20 Flaate and Preber (1974), A ulie liva 0.92 23
21 Flaate and Preber (1974), Niesset 0.88 22
22 Flaate and Preber (1974), As 0.80 20
23 Flaate and Preber (1974), Preser^dbakka 0.82 17
24* P ilo t (1972), Narbonne 0.96 16
25* Ladd (1972), Portsmouth 0.84 16
26* Haupt and Olson (1972), Fair Haven 0.99 16
27 Flaate and Preber (1974), Skjegerdd 0.73 11
28 Flaate and Preber (1974), Tjernsmyr 0.87 8
29 Flaate and Preber (1974), Falkenstein 0.89 8
*  quoted by Bjerrum (1972) 
+ estimated average values
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PLASTICITY INDEX, Ip%
FIG. 2.17: Correlation between Plasticity Index & Factor oF Safety
predicted from shear vane measurements of failed embankments
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a sim plified analysis, using the undrained shear strength measured on the 
shear vane and the variation of strength anisotropy as proposed by 
Lo (1965), developed a correction factor UA for use in f ie ld  bearing 
capacity analyses, where:
and R = Suv/SuH
The relationship between JUA and R is plotted in F ig .3.29
Assuming the isotropic case 
where Suv = Suh = Su
giving R = 1  and K = 1
which gives e =  67°
. \  equation 2.18 above gives >UA = 1 and taking the bearing capacity
equation from which i t  is derived
i .e .  qA = [(R + l)2e - (R - l)Sin26]SuH/S in2e 2.20
then q-j = 5.52 Su 2.21
which as the upper bound results approximates well to the lower bound 
results of
qd = 5.14 Su 2.22
for a continuous footing on a clay foundation using a s ta tic a lly  
admissible Prandtl surface. (Prandtl, 1920).
2 .4 .5 .4  Case studies
The most comprehensive documentation on embankments b u ilt  on so ft 
anisotropic clay was presented at the ASCE Conference on Performance o f
Tane = ?aA r ~ l)Sin2e]./28
\ ( R  + 1)-(R  -  1)Cos2e
2.18
and where 0 2.19
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Earth and Earth-Supported structures, Purdue, 1972. However further cases 
are presented by Lo and Morin, 1972); Kankare, (1969^ Ladd et a l ,(1979)» 
Cox,(1967); Menzies & Simons (1977).
In each case the evidence presented showed disparities between the 
undrained shear strengths measured in laboratory and in -s itu  tests and the 
average shear strengths back-analysed from the f ie ld  fa ilu res .
Further case studies have highlighted the differences in measured 
shear strengths due to the loading rate effect and the influence of time 
to fa ilu re  of the clay. (Berre & Bjerrum, 1973; Bjerrum, 1967; Edenj 1966 
Flaate & Preber, 1974; Dascall & Tournier, 1975; Graham, 1979; Arman et al 
1975; Menzies & Simons, 1977; Perlow & Richards, 1977; Crawford & Eden, 
1966; Simons, 1976.)
In each case the undrained shear strength measured by the shear 
vane test was generally higher than the undrained shear strengths 
measured in the laboratory. Simons, (1976) compared the measured shear 
strength ratio  of Kings Lynn clay with six other clays. See Table 2.2
TABLE 2 .2  : Comparison o f  various undrained strength  measurements fo r  d i f fe r e n t  clays
Type o f S o il
Index P ro perties  % T r ia x ia l  Tests t / p0 ' Simple Shear Test
Vane Tests
s u/ p0 *
M.C. L .L . P .L . P . I . Compression Extension t / p q ' Observed
Bangkok c la y 140 150 65 85 0 .7 0 0 .40 0.41 0.59
King's Lynn c la y 65 93 . 39 57 0 .3 7 0 .23 0 .5 5 0 .40
Matagami c la y 90 85 38 47 0.61 0.45 0 .3 9 0 .46
Drammen c la y * 52 61 32 29 0 .4 0 0.15 0 .3 0 0 .36
Studenterlunder 31 43 25 18 0.31 0.10 0 .19 0 .1 8
Vaterland c lay 35 42 26 16 0 .3 2 0.09 0 .26 0.22
Drammen c la y * * 30 33 22 11 0 .34 0.09 0 .22 0.24
*  p la s t ic  c la y  * *  lean c la y  (From Simons, 1976)
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I t  may be seen that the strength ratio  measured in the shear vane test 
is s ign ifican tly  higher than the strength ratio  measured in the laboratory 
tests. This case holds for both the Drammen lean and p lastic clays.
This trend, however, does not hold in sensitive clay deposits.
La Rochelle et a l,  (1973) undertook a comparative study between the three 
in -s itu  testing methods (shear vane te s t, pressuremeter and core 
penetrometer) to measure the undrained shear strength in deposits of the 
sensitive, cemented Champlain clays at two s ites. Whilst i t  was found 
that the pressuremeter test results compared well with strengths obtained 
in the laboratory by means of confined compression tests on vertical 
specimens trimmed from block samples, the shear vane tests seemed to 
grossly underestimate the in -s itu  shear strength. This underestimate was 
attributed to the action of progressive fa ilu re  and the disturbances 
caused by the intrusion of the vane in the anisotropic s o il .
2.5 STRENGTH TESTS AND HOPE OF FAILURE
The various common tests available for the determination of the 
undrained shear stress are given in Table 2.3. Apart from these tests , 
there are others which have been designed for more specific purposes,
i .e .  plate bearing test (to establish settlement), borehole shear test 
(to measure in -s itu  direct shear), pressuremeter (to measure strength and 
deformation modulus) and hydraulic fracture (to measure tensile strength) 
to mention a few.
The factors dealt with in this chapter each influence the magnitude 
of the strength measured in the tests in Table 2.3 to a f in ite  degree. I t  
may be seen that each test mobilises the shear strength of the soil in a 
differen t way and direction. The current disparity of results 
obtained from each of these tests is therefore not surprising.
The tr ia x ia l tes t, whilst loading a specimen uniaxially in the 
directions of the principle stresses, causes fa ilu re  to occur on the plane 
of maximum obliquity. The direct shear te s t, however, defines the plane on 
which fa ilu re  occurs re la tive  to the bedding of the soil and the loading 
is applied normal to this plane. The normal stresses are therefore not
51
applied in the principle stress directions nor does fa ilu re  occur on the 
plane of maximum obliquity .
TABLE 2.3 : Types of test and the anticipated modes of fa ilu re .
TEST
LABORATORY TESTS
Triaxial compression test
Direct shear test
Simple shear test
Unconfined compression test
Laboratory vane test
Triaxial extension test
FIELD TESTS
Shear vane test
Cone penetrometer
Pressuremeter
MODE OF FAILURE.
t
*
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The shear vane te s t, on the other hand, fa ils  the soil rad ia lly  in 
a horizontal plane and horizontally in an arc on the vertical plane. 
There is no evidence to show that this in any way simulates the fa ilu re  
mode in the f ie ld . I t  is the intention to examine in the following 
chapters the fa ilu re  mechanism on the shear vane, and how i t  is 
influenced by some of the factors discussed in this chapter. F inally a 
t r ia l  embankment is re-analysed in the lig h t of this discussion, 
conclusions are drawn and recommendations are made relating to the 
application of the shear vane test.
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CHAPTER 3
3 ON THE INTERPRETATION OF THE SHEAR VANE TEST
3.1 INTRODUCTION
This chapter deals with the interpretation of the results of the
shear vane test. The primary measurement in the test is that of torque.
The secondary measurement of shear strength is derived from an 
interpretation of this torque. Since Carlson (1948), Skempton (1948) 
and Cadling & Odenstad (1950) identified  the more significant factors 
which, i t  was thought, influenced the measurement of the shear strength 
in the shear vane te s t, major advances have been made in the 
interpretation of shear vane test results. These advances are discussed 
and a more re a lis tic  mode of fa ilu re  and stress distribution on the vane 
blades presented.
3.1.1 The basic assumption
The interpretation of the torque measurement from the shear 
vane test was orig ina lly  based on the following assumptions: (Flaate, 
1966)
1. The test was undrained.
2. The insta lla tion  of the equipment caused no consolidation of the
material to take place.
3. The surrounding soil was not disturbed by d r illin g  and casing the 
hole and by inserting the vane.
4. The remoulded zone around the vane was small and had no effect 
on the stress/strain properties of the soil mass.
5. The soil was isotropic with respect to strength.
6. The mode of fa ilu re  was assumed to be along the surface of the
cylinder circumscribing the vane.
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7. The shear strength was fu lly  mobilised on a ll surfaces at the
point of fa ilu re .
8. No progressive fa ilu re  was assumed to take place on any faces of
the blades.
3.1.2 The mechanism
In principle the shear vane is an instrument which applies a 
torque to a system o f identical thin rig id  blades mounted in vertical 
planes around a steel rod inserted v e rtic a lly  into the ground. I t  is 
assumed that the blades shear the soil on the surfaces of a solid  
circumscribed by the vane blades. Whilst the analysis of the torque 
measured by c ircu lar (Casson, 1978), e ll ip t ic a l (Selvadurai, 1979) and 
diamond vanes (Aas, 1965; Menzies & Mailey, 1976) has been presented, 
the vane most generally considered is the rectangular bladed vane. Four 
blades are set at righ t angles to each other around the vane rod with a 
ra tio  of height to diameter of 2. Fig. 3.1 shows the general 
arrangement of the shear vane and the assumed fa ilu re  plane on the 
cylinder of rotation. v
3.1.3 Suitable soils and advantages of the test
The shear vane test was o rig ina lly  developed for use in so ft, 
saturated, homogeneous clays. Its  widespread use in Canada, United 
Kingdom and Scandanavia in clays of high sensitiv ity  and brittleness  
is evidence of its  re la tive  success (Gregerson, 1975). The shear vane 
test has subsequently been used in fine s ilts  and s ilty  sands, fissured 
clays and p a rtia lly  saturated clays with reasonable success. (Wilson, 
1963; B light, 1968).' Cox (1967) reported vane tests in materials 
exhibiting an angle of shearing resistance which include sands, sandy 
clays, fissured clays and p a rtia lly  saturated clays. Evans 
et al , (1948) developed an expression for torque on a miniture vane 
in a soil having an angle of shearing resistance. Wilson (1963) and 
Cox (1965) showed from laboratory vane tests on silty-sand and kaolin- 
sand mixtures respectively that when the results were plotted as a 
dimensionless torque ra tio , using C derived from the tr ia x ia l te s t, they 
showed very l i t t l e  correlation with the theory proposed by Evans 
et al , (1948) and Farrent (1960).
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The advantages of the shear vane test against laboratory tests 
in cohesive so ils , however, are as follows: The apparatus i ts e lf  is
lig h t and portable. I t  is easily operated and maintained. I t  has been 
found to be repeatable and there is evidence that the standard 
commercial vanes cause insignificant disturbance in low to high 
sensitiv ity  clay (2 <  St <  50) when they are inserted into the ground. 
(Dennessind Green, 1971).
*i- Direction of
 rotation
Blades
(a ) H
Circumscribing 
cylinder of 
rotation.
V
I
(b )
Vane Vane 
blade blade
n n
FIG 3.1.(a) GENERAL ARRANGEMENT OF A
RECTANGULAR SHEAR VANE & CYLINDER 
OF ROTATION, (b) ASSUMED SHEAR STRESS 
DISTRIBUTION ACROSS THE BLADES.
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3.1.4 Relationship between torque and Su(vane)
Fig. 3.1 shows the mechanism of fa ilu re  and the d iffe ren t shear 
stress distributions which are postulated to ex ist on the vane blade 
edges. Assuming a fu ll mobilisation of shear stress across the ends 
of the cylinder i .e .  a uniform rectangular d istribution of stress from 
the axis of rotation to the tip  of the vane blade the following 
expression may be found
T  _  t tH D 2  c  _t t t D 3 c  , , *3 i
1 ” 2 5u(vane) + “g- b u(vane) 1
where the soil is assumed to be isotropic i .e .  S  ^ = Suv = Su
Assuming that the shear stress on the horizontal ends of the 
cylinder of rotation is progressively mobilised with the increase in 
angular rotation , i .e .  the increase of the shear strain along the vane, 
the distribution may be described as triangular.
I f  a triangular shear stress distribution is assumed to exist 
then the following relationship may be found
T  ttH D 2  c  ttD 3 c  /  3  ?
1 2 u(vane) g su(vane)
Usually a height/diameter ra tio  (H/D) of 2 is accepted as 
standard. The Equations 3.1 and 3.2 then become:
1. Rectangular d is tribu tion :-
T = ^  t t D 3 Su(vane) 3.3
2. Triangular d is tribu tion :-
T = |  irD3 Su(vane) 3.4
Further relationships may be found in a sim ilar manner for 
parabolic or exponential distributions across the ends of the cylinder.
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In order to measure the degree of ani sotropy of a cl a y d i amond 
vanes have been developed to fa i l  the clay on a plane at an angle a 
to the vertical (see Fig. 3.2) (Aas, 1967; Menzies and Mai ley, 1976).
rectangular stress 
distribution
triangular stress 
distribution
FIG 3 .2 : DIAMOND SHEAR VANE SHOWING THE RECTANGULAR
AND TRIANGULAR FORMS OF STRESS 
DISTRIBUTION.
The following,expressions have been developed to express the 
relationship between the torque and undrained shear strength.
1. Rectangular d istribution across the blade edge
T = T n r —  su 3-66.Sina u
2. Triangular distribution across the blade edge
T = Su 3.6
8 .Sina
These expressions may be expanded to take into account the 
anisotropic nature of the s o il. The rectangular shear vane blade shears 
the soil horizontally in a vertical plane, and horizontally in a 
horizontal plane. By defin ition the two shear strengths mobilised are 
d ifferen t and may be designated Suv (undrained shear strength in the 
vertical plane) and Su  ^ (undrained shear strength in the horizontal 
plane).
Taking into account anisotropy equation 3.1 becomes
T  _  ttH D 2  c  ttD 3 c  3  7
T -  —  suv + SUH 3 - /
and 3.3 becomes
T  ir H D 2  c  ttD 3 q  o  o
T = —  Suv + T "  SuH 3 ' 8
Since the undrained shear strength mobilised by the torque applied 
to the diamond vane is in fact the shear strength on that plane the 
expressions 3.5 and 3.6 may be rewritten with = SUa where SUa is the 
undrained shear strength on a plane at a to the ve rtica l.
The above relationships form the framework on which the modified 
expressions are based to account fo r the factors influencing the 
interpretation of the torque measurement of the shear vane tes t.
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3.2 FACTORS INFLUENCING THE INTERPRETATION OF THE MEASURED TORQUE
3.2.1 Shear strength anisotropy
Strength anisotropy and shear stress/strain anisotropy have been 
discussed in Chapter 2. I t  has been shown that the shear vane test 
constraints make the test very susceptible to the influence of 
anisotropy. Knowledge of the variation of undrained shear strength 
with direction is essential to assess the s ta b ility  of an anisotropic 
foundation material under local loading. (Law, 1978).
Techniques have been developed to measure the strength in the 
vertical and horizontal planes with the shear vane. Aas (1965) did 
standard shear vane tests with rectangular vanes with varying H/D 
values (0.5 < H/D < 4 ). The intention was to isolate the contributions 
of S u and S in the equation
Uri UV
T = i ^ S  + S ,, 3.72 uv g uH
In order to achieve this the following assumptions were made:-
1. The clay fa iled  along the surface of a cylinder, the diameter and 
height of which are equal to those of the vane.
2. The shear stresses are assumed to be fu lly  mobilised and 
uniformly distributed across the entire fa ilu re  surface, although 
not necessarily equal in magnitude in the vertica l and horizontal 
planes.
Equation 3.7 may be rewritten as:
[ 2 / (irD2H)]  M = Suv + SuH(]-D /H) 3.8
This relationship enables the results of a tes t undertaken with a 
vane of a specific D/H ra tio , to be described in a graphical plot with 
the vertical and horizontal axes representing [2 / ( ttD2H )]M  and (-jD /H ) 
respectively. A number of tests using vanes of d iffe ren t D/H values 
describe a straight line in this graphical plot intersecting the vertica l
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axis a t a value of Suv and having an inclination equal to S ^ . (Aas, 1965) 
Fig. 3.3 shows typical results from tests done on Norwegian sensitive 
clays having the properties in Table 3.1.
Although the graphical representation of the degree of anisotropy 
R and SIIW and S u is a convenient and rapid means by which the torque mayUV Uri
be interpreted, i t  is nonetheless ill-conditioned . Any small variation in 
the measurement of torque using a vane with a D/H ratio  of greater than 
unity can cause a significant change in the measured ra tio  S ^ v ’ I f  the 
measurement of torque is influenced by progressive fa ilu re , specifica lly  
the torque measured by a vane having a D/H ra tio  greater than unity, the 
ra tio  SH/Sv w ill again be affected . This is discussed further in 
Chapter Six. Fig. 3 .3 . shows typical results from tests done on 
Norwegian sensitive clays having the properties shown in Table 3.1 .
T E S T S I T E
Aserum.
s ligh tly  over­
consolidated 
quick clay
Drammen. 
normally 
consolidated 
s ilty  sensitive 
clay
Lierstranda 
normally 
consolidated 
s ilty  quick 
clay
Manglerund 
normally 
consolidated 
s il ty  quick 
clay
w % 67 34 35 36
WL ^ 45 32 25 27
Wp 26 18 19 18
xp %
19 14 6 8
S t * 20 - 100 4 - 9 50 - 150 40 -  170
Su/P
0.19 0.12 0.10 0.11
TABLE 3.1 Material properties of test sites
I t  was found, however, that some of the results with vane H/D ratios  
of more than three showed no increase in torque with increase of height 
of vane with constant diameter. This has been ascribed to progressive 
fa ilu re  and is discussed in Section 3.2.3.
This technique does not take into account anisotropy in the 
deformation modulus. Wiesel (1971) discussed the problems arising when
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ASERUM 
(Quick clay)
Vane  ^H/q = 110155
0-5
3-5
DRAMMEN 
(Silty sensitive clay) 3-0
2*5
2*0
LIERSTRANDA — 
(Silty quick clay)
0*5
2*0
MANGLERUD 
( Silty quick clay)
0-5
1 1*2 1-5 2-0 0 0*5 1 2
FIG. 3.3. DETERMINATION OF THE ANISOTROPY RATIO S h / S v 
FROM UNDRAINED TESTS WITH VANES OF DIFFERENT 
SHAPE AT FOUR TEST SITES ( AFTER A A S ,1965 )
62
the vertical and horizontal shear strengths reached th e ir maxima at
d ifferen t rotations. In order to eliminate this Wiesel (1 9 7 3 )proposed
that the results of tests undertaken with rectangular vanes with 
d ifferen t H/D ratios be plotted in the following way:
M = mvL + 2M j_j 3.9
where mv = the torque on a unit height of the cylinder side.
= moment due to the contribution of the shear strengths on
the cylinder ends.
L = height of the vane.
Fig. 3.4 shows a plot of this analysis for tests on Launceston clay 
(a fte r  D o n a ld ,et a l ,1977). I t  can be seen that i f  the results are plotted at
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FIG .3 .4 . WIESEL PLOT FOR LAUNCETON CLAY 
(AFTER JORDAN,1974- DONALD et 01,1977)
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peak torque the Wiesel and Aas analyses are id en tica l.
The application of this approach in b r it t le  soils can result in a 
spurious conclusion. Fig. 3.4 shows that the average intercept on the M 
axis gives 2M^  * 0. This seems to indicate that the torque on the 
horizontal ends has passed its  peak at the point of maximum overall 
torque.
Donald £t a1(1977) considered a unique way ofexaminingthe entire  
torque-rotation curve for the horizontal and vertical torque. The 
analysis is shown in Fig. 3.5.
Measured
Side (A-B)
<ZZ2>
Side A Ends
|x [A-B)A <ZZ2>
C
(Mv ) (2 M h )
(In fe rred ) (In fe rre d )
FIG. 3.5. ANISOTROPIC ( M - Q )  ANALYSIS 
( AFTER DONALD et a l, 1977 )
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Shear stress on any surface, at any ro tation , may be calculated 
using this analysis. I t  should be assumed, however, that the mobilised 
stress distributions during the test are the same on vanes with d iffe ren t 
H/D values.
A typical result for Launceston Clay is shown in Fig. 3 .6 . Both 
the assumptions of triangular and uniform horizontal shear stress 
distribution across, the ends of the cylinder were incorporated in the 
analysis. The la tte r  case tended to give the higher anisotropy ratios,(S^/Sv) .
30
2xDiff (side for 2-1vane) 
\  (in fe rred ) Field vane at 9 'Omm
2-1 vane (measured)
7 *'7 vane X
^(measured)
cr
Ends( inferred) Diff
Vane rotation (degrees)
FIG. 3. 6. TORQUE-ROTATION FOR LAUNCETON 
CLAY UNDER EM BA NKM EN T  
( AFTER DONALD et a l, 1977 )
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When the b r it t le  Yarra Clay was considered, unusually high values 
of SuH and Syv were obtained, but the anisotropy ratio  remained 
constant. This may well be due to the progressive fa ilu re  behaviour of 
the clay. The stress distribution over the whole fa ilu re  surface need 
not be identical for vanes of d iffe ren t H/D proportions at the same 
degree of rotation. I f  the stress distribution did change when the 
material began to exhibit a more plastic fa ilu re  mechanism, the vane 
with H/D = 2 would s t i l l  be in the e lastic  range when the vane with 
H/D = 1 began to induce plastic fa ilu re  in the m aterial. Aas (1965) 
reported the same phenomenon.
Using the same system of axes as Aas (1965), Kankare (1969) 
plotted results from tests carried out with three rectangular vanes 
having d ifferen t H/D ratios (65mm x 130mm, 6 6mm x 6 6mm, 79mm x 39mm). 
These results are shown in Fig. 3.7. All the tests were done at the 
same depth and at the rotation rate of 0.2°/sec. Coefficients of 
correlation varying from 0.95 to 1.00 are reported for each relationship.
I t  should be noted however that the assumed shear stress 
distribution on the ends of the cylinder at the point of fa ilu re  can 
cause a variation of 33% in the measured degree of anisotropy, depending 
on whether a uniform of triangular distribution is adopted in the 
analysis.
Both Aas (1965) and Law (1979) varied the diameters of the 
rectangular shear vanes when investigating strength anisotropy by a factor 
of 2 and 1.7 respectively.
Since the clay in both cases exhibited a b r it t le  nature the 
resultant strain-softening may well have changed the shear stress 
distribution across the vane blades during the test giving torque readings 
which were influenced by both anisotropy and progressive fa ilu re .
3 .2 .1 .(a) Diamond shear vanes
In an attempt to measure the undrained shear strength on a specific  
plane, Aas (1967) designed a diamond vane having four blades which sheared
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.y=3-00x+3-59- 
+2£%ly=3-72x+2'81
.y^3-18x+2-63
7-9x3'9
6-6 x 6-6
5-5x11-0
65x13-0
y=2-52x+2-55i ^
r=1-00 0-97
1.52+20
2.52+70
3.55+70
L62+80
0*0 0-1 0*2 0*3 0-4 0*5 0*6 0-7 0-8 0-9 1-0 1-1
Dx =
3H
FIG. 3. 7 RESULTS OF VANE TESTS IN DIFFERENT 
CROSS-SECTIONS. (AFTER KANKARE,1969)
the soil along two conical surfaces having common bases, the entire  
fa ilu re  surface making an angle of 45° with the horizontal. A vane of 
this type is shown in Fig. 3.8. The following expression was derived from 
the fa ilu re  torque. Assuming a uniform distribution of shear stress on 
the blades.
M = 2irJL
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2 L 
I  - f t u45 3.10
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hence
Su45 = M / f f ^ 1-3 ) 3 . 1 1
These tests were carried out in accordance with the standard 
Norwegian procedure for vane tests (Andersen & Bjerrum, 1957).
The shear strength measured along a 45 degree fa ilu re  surface was 
found to fa l l  between the values of Su  ^ and S . An e ll ip t ic a l variation  
of undrained shear strength with orientation of surface,was found to apply 
as can be seen in Fig. 3.8
Interpretation
a 2 a M = 2 n j = a .  j j =
r sl 5 _ M
2 / 3 t t q 3
CM
FIG. 3. 8. UNDRAINED SHEAR STRENGTH MEASURED 
WITH THE 45° VANE, s4s COMPARED TO 
AND sh.KIELSAS TEST SITE.tAFTER AAS,1967)
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I t  is of interest to note that i t  was found that the degree of 
anisotropy (SH/Sy) found in the over-consolidated clays (Tonsberg, Aserum) 
was lower than that of the normally consolidated clays (Drammen, Manglerud, 
Lierstranda). This reinforces the be lie f that the d ifferen t in -s itu  
stress conditions in the ground contribute, at least p artly , to the 
anisotropic properties of the s o il.
Vanes having apex angles of 60°, 90° and 120° were used to define 
more comprehensively the relationship of undrained shear strength to 
fa ilu re  plane orientation. (Richardson et a l , 1975). Tests were carried  
out on Bangpli Clay (Bangkok) which is a soft grey clay with traces of 
s i l t  in places but with no detectable layering. I t  has a liq u id ity  index 
generally greater than unity. Previous work on Bangkok clay (Eide, 1968) 
revealed a degree of anisotropy of 0.8 w hilst, Wang (1974) found a
variation of S^/$v of between 0 . 6 8  and 1 . 0  from results of quick
unconsolidated direct shear tests.
The undrained shear strengths were calculated on the basis of uniform
stress distribution across the blade edge. The expression thus derived is :
where is the undrained shear strength on a plane at an angle a to the 
horizontal.
Fig. 3.9 shows the results of shear vane tests at 7.5m and 9.0m 
depth plotted as a polar diagram. Included in the polar diagrams are the 
horizontal and vertical undrained shear strengths measured by the Aas (1965) 
method.
An ellipse has been f it te d  to these points of the form:
which leads to the expression
where Sa = the undrained shear strength on a plane a t an angle a to the
Sa T / ( 4 / 3  ttL3 Cos2a) 3.12
3* 14
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horizontal.
0-3
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5
0-1 0-20
0*3
o»
p=60
0'20 0-1
Su ( k g / c m 2) Su ( k g / c m 2)
(a )  Depth = 7-5/77 (b ) Depth = 9 m
FIG .3.9. VANE SHEAR STRENGTH POLAR
DIAGRAMS FOR TESTS ON BANGPLI CLAY,
( AFTER RICHARDSON et a l, 1975 )
The use of diamond vanes to examine the anisotropic strength 
properties of clay was extended by Mai ley ( 1975) » Menzies & Mailey (1976) 
and Andrews (1976). A series of tests was done on cores of a soft grey 
uniform clay (Wn%= 37%, Ip = 28%) from marine borings at two sites in the 
North Sea. The cores were taken at depths below the sea bed varying from 
one to four metres. In -s itu  tests were carried out in a soft grey 
uniform clay (Wn% = 36%, I = 28%) on the east bank of the New Blind Yeo,
a waterway which is part of the flood control works of the River Yeo in
Clevedon, Somerset, and at the Brent Knoll t r ia l  embankment s ite  which is 
discussed in Chapter 5.
The small diamond vanes used in the tests on the North Sea clay are
shown in Figure 3.10. The vanes were used in conjunction with a
70
FIG 3. 10 s SMALL VANES USED FOR MEASURING SHEAR 
STRENGTH OF CLAY IN CORE SAMPLES an 
AND IN THE FIELD.
FIG 3 .11  , LARGE VANES USED FOR MEASURING SHEAR 
STRENGTH OF CLAY IN THE FIELD.
71
Geonor H60 fie ld  inspection vane tester torque head and were a ll 
designed to give the same torque for equal shear strength as the 
conventional 2/1 rectangular vane, assuming isotropy. The in -s itu  tests 
at the New Blind Yeo River s ite , Cleveland, Somerset were carried out with 
large rig id  diamond vanes designed to give the same torque as a conventional 
2/1 rectangular vane of dimensions 140mm x 70mm. An MHH torque head was 
used to apply the torque. (See Fig. 3.1-1). Typical results of these 
tests are shown in Fig. 3.12.
A curve is f it te d  to the points on the polar diagram by regression
(Huxley, 1977) which has the equation:
SUa = SuH + (Suv '  Suh)Cos2“ 3.15
where a is the angle the fa ilu re  plane makes with the v e rtic a l. I t  can
be seen that the difference between the vertical and horizontal undrained 
shear strengths is distributed as the square of the direction cosine. This 
equation is sim ilar to the relationship describing the variation with 
direction of unconfined compression strengths of a soft Welland Clay 
(Lo, 1965). I t  was orig ina lly  suggested by Casagrande and C arrillo  (1944) 
dealing theoretically  with soil strength anisotropy, based on the work of 
Timoshenko (1934).
The measurements of strength anisotropy made by Menzies and Mailey
(1976) assumed a triangular shear stress distribution across the edges of 
the vane blades. I t  may be shown, however, that assuming a rectangular 
or a parabolic shear stress distribution along the blade edges of a 
diamond vane results in calculated'strengths of 3/4 and 5 /6 , respectively, 
of those strengths calculated from the same torque assuming a triangular 
shear stress distribution.
Assuming no change occurs in shear stress distribution due to the 
progressive fa ilu re  e ffe c t, the shape of the polar diagram in Fig 3.12 
does not change.
3.2.2 Time effects and rate of strain
The measurement of torque in the shear vane in soft clays has been 
found to be influenced s ign ifican tly  by both the time lapse between
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The broken line is 
the circular arc 
representing the 
conventional vane 
measurement.
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b
FIG.3.12. TYPICAL POLAR DIAGRAM SHOWING 
THE DISTRIBUTION OF UNDRAINED 
SHEAR STRENGTH FOR IN-SITU TESTS 
ON THE EAST BANK OF THE NEW BLIND 
YEO, CLEVEDON, SOMERSET.
( AFTER MENZIES AND MAI LEY, 1976)
insertion of the vane and applying the torque and the rate of rotation  
of the vane during the test.
Cadling & Odenstad (1950) found that the torque increased by an 
average of 2 0  per cent when the rate of rotation was increased from
0.1 /second to 1 /second. This phenomenon has been observed by Aas (1965), 
Sridharan & Madhav (1964), Wiesel (1973), Blight (1977), Torstensson(1977), 
Perlow & Richards (1977), and Pugh (1978). In each case a reduction in 
torque was observed with a reduction in rotation rate of the vane.
Aas (1965) and Torstensson(1977) allowed a period of time from the 
insertion of the vane to the commencement of the test. Both observed an 
increase in shear strength measured at the standard rate of rotation  
(0 .1°/sec),w ith  an increase in consolidation time. Fig 3.13 shows the
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ra tio  between fa ilu re  torque measured in consolidated-undrained and 
undrained vane tests. The vanes were allowed to stand in the ground for  
between 1 and 3 days prior to undertaking the consolidated undrained 
tests. In a ll cases the ratio  Mcu/Muis greater than unity. A 
relationship between the torque measured in the standard test and the 
fa ilu re  torque measured a fter various time intervals a fte r in s ta lla tio n  of 
the vane has been proposed by Torstensson (1977). All the tests were 
carried out at standard rate . Fig. 3.14 shows the relationship as 
observed by Torstensson on two sites, Backebol and Askim, in Sweden. The 
clays of Backebol and Askim, near Gothenburg are highly p las tic , post­
glacial normally to lig h tly  overconsolidated deposits.
Whereas Aas (1965) attributed the increase in measured shear strength 
to a dissipation of pore pressures around the vane due to its  insertion into
X0 = Undrained shear strength, measured in a 
standard test.
X f~  Undrained shear strength measured at
various time intervals after installation of the vane.
1-2
M
•  Backebolj^rt? 
o Askim} 2/7?
1 - 0
7 days1day5min 20min 1hour 4hours
Time lapse
FIG. 3. U . EFFECT OF TIME-LAPSE BETWEEN 
INSTALLATION OF VANE AND TESTING 
( AFTER TORSTENSSON, 1977 )
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the ground, Torstensson (1977) based the increase of shear strength on 
an increased adhesion between the vane blades and the so i l  with time 
a f te r  in se r t io n .  I t  was bel ieved tha t  th is  led to a reduct ion of stress 
concentrat ion on the vane blade edges and resulted in a la rger  volume of 
so i l  being involved in the te s t .
During an inves t iga t ion  to determine the inf luences of time e f fec ts  
on the shear vane te s t  (see Chapter 5) no s ig n i f i c a n t  change in strength 
with increased time of consol idat ion was observed, however there was 
evidence of greater  adhesion on the t r a i l i n g  edges of the vane blades 
a f te r  tests  undertaken at l ° /m in  which was the fa s te s t  tes t ing  rate 
considered.
This seemed to ind icate  tha t  there was a migrat ion of pore pressure 
and high negative pore pressure was set up behind the vane re su l t in g  in 
a local increase in e f fe c t i v e  stress in the region of the vane blade. 
This region appeared to increase l i n e a r l y  with increasing radius to the 
extremity of the blade. Fig. 3.15 shows a vane a f te r  e x t ra c t io n ,  having
FIG. 3. 15s END VIEW OF A RECTANGULAR VANE SHOWING 
THE CLAY ADHERING TO THE TRAILING FACE 
AFTER COMPLETING A TEST AT A ROTATION 
RATE OF 1°  PER MINUTE.
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completed a test at l°/m in. This observation does not concur with the 
observation of Torstensson. The fact that the ra tio  Mcu/Mu was seen to 
increase with vanes having greater H/D values (Aas, 1965) seems to 
indicate that the increase in shear strength with increased time lapse 
between insertion and testing may be due prim arily to the dissipation of 
pore pressures set up by the insertion of the vane.
The significance of this phenomenon is discussed in further deta il 
in Chapter 6 .
Although i t  has been shown that the rate of rotation of the vane 
influences the measured shear strength of the clay, the rate at which 
the shearing takes place on the cylinder of rotation is a more d irect 
measurement of this influence. Perlow & Richards (1977) proposed that the 
angular shear velocity at the fa ilu re  surface, which determines the rate  
of shear, is the parameter whichinfluences the measured shear strength.
Fig. 3.16 shows the observed relationship between the measured vane 
shear strength and the angular shear velocity.
I t  follows that the larger the vane, the smaller the angle of 
rotation w ill be at the point of fa ilu re  and the faster the rate of 
shearing w ill be for a standard rate of rotation. Thus the e ffec t of 
vane size (Cadling & Odenstad, 1950) on the measured vane strength may 
be p a rtia lly  explained by taking into account this phenomenon. The 
study into anisotropy by Aas (1965) may have revealed results influenced 
by this e ffect as vanes of three d ifferen t diameters were used in tests 
undertaken at the standard rate of rotation (65mm, 97.5mm, 130mm.)
A further complication may be seen in analysing the data derived from 
diamond shear vane tests. As there is no vertical surface upon which the 
angular shear rate is constant, the influence of the shear velocity varies 
with distance from the axis of rotation. The measured torque should then 
be corrected for the total shear velocity effect along the diagonal 
distance of the vane blade.
Blight (1977) suggested a msthod of quantifying this influence. The 
time e ffect on the vane tests may influence the measurement of shear 
strengthen two ways:
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1. through soil  v iscosity  influence, and
2 . the effect of drainage.
These two influences tend to oppose each other in th e ir e ffec t on the 
resultant shear strength. The viscosity of the water phase may cause 
higher torques to be measured at faster rates o f testing whilst the 
slower testing rate may well mobilise the drained strength of the m aterial. 
The rate of pore water dissipation dictates the mobilisation of the drained 
shear strength. Blight (1977) suggests the use of a time factor T which 
could re late  the mobilised strength of the soil to the dimensions of a
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rectangular vane* where
T = C t f /D 2 3.16
v  +
in which Cv = coeffic ient of consolidation of the soil
t f  = time to fa ilu re  in the vane test
D = diameter of vane fa ilu re  surface.
I t  was found that measured strengths in non-plastic s il ty  soils 
plotted on a single equalisation curve relating time factor to the degree 
of drainage regardless of vane size and time to fa ilu re .
I t  may be seen therefore that the time to fa ilu re , assuming a
constant drainage condition, is proportional to the square of the 
diameter of the rectangular shear vane. This assumes that drainage takes
place in a radial direction only.
Pugh (1978) used this relationship to simulate a slower rotation  
rate condition using larger vanes having the dimensions H = 508mm and 
D = 254mm. The undrained shear strengths obtained in this manner are
plotted against log time to fa ilu re  in Fig. 3.17
Time to failure-minutes 
100
Log scale ooo
20 Levels 1 to U onlyGeonor 
vane < results
o
All results averaged at each strain rate
FIG. 3.17. LARGE-VANE TESTS- UNDRAINED STRENGTH 
VERSUS LOG TIME TO FAILURE.! AFTER PUGH,1978)
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Also plotted in th is figure are the averaged data from the geonor vane 
tests. These points plot s ligh tly  higher than the averaged data from the 
large scale vane tests. The change in strength with time to fa ilu re  is 
not great enough to indicate whether or not the data derived from the 
geonor tests are related to the large vane data with respect to time to 
fa ilu re .
Both Torstensson (1977) and Aas (1965) found a greater reduction in 
strength with a 100 fold increase in time to fa ilu re . At both the 
Backebol and Askim s ites , Torstensson (1977) found TCr/x 0  the normalised 
c r it ic a l shear strength to be of the order of 0.8. Pugh (1978), on the 
other hand, found the normalised c r it ic a l shear strength a fte r a 1 0 0  fold  
reduction in testing rate to be approximately 0.9
The small change in undrained shear strength shown in Fig. 3.17 may 
be explained by the very small change in the shear velocity on the fa ilu re  
surface circumscribed by the large vanes. I t  is the b e lie f that, 
the magnitude of the mobilised shear strength on the fa ilu re  surface and 
the generation of pore pressures during shearing are related to
1 . the shear velocity on the fa ilu re  surface
2 . the of the s o il , and
3. the p la s tic ity  index of so il.
Although an estimate may be made regarding the undrained or drained 
nature of the test (B light, 1968; Bishop & Henkel, 1957) by using equation 
3.16 there is su ffic ien t evidence to suggest that there are two factors 
involved in the mobilisation of the apparent shear strength.
The viscous nature of the cohesive bonds in the clay and the time 
required for fa ilu re  planes to occur w ill tend to cause the clay to fa i l  
at a higher strength i f  the rate of shear is increased.
Conversely the slower the clay is sheared the more time there is 
available for the reorientation of particles to take place on the 
shearing plane. Since i t  requires large strains to mobilise the fr ic tio n a l
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shearing component of the clay (Schmertman & Osterberg, 1961) the 
viscous e ffec t w ill not contribute to the overall apparent shear strength 
measured on the shear vane during slow tests. (Bjerrum, 1973).
3.2 .3 Progressive fa ilu re
To date l i t t l e  data on the e ffec t of progressive fa ilu re  on the 
measured shear strength ex ist. Progressive fa ilu re  in this context is 
the shear deformation behaviour exhibited by a strain-softening soil in 
the shear vane test. The effect of time to fa ilu re  does not form part of 
this discussion as the concept of progressive fa ilu re  in this instance is 
related only to the stress/strain properties of the soil and local 
loading conditions.
The occurrencebf progressive fa ilu re  on the shear vane 
blade has been postulated by Menzies and Mailey (1976), and Donald et a l ,
(1977). They suggest that due to the stress concentration existing on the 
corners of the blades the soil w ill suffer a premature disruption and 
remoulding, resulting in a' Tower shear strength in that area. The 
postulated stress distribution is shown in Fig. 3.18.
I t  is reasonable to expect however that the mobilised shearing 
resistance should be proportional to the shear strain induced in the s o il. 
Flaate (1966) suggested that this should be the case and a triangular shear 
stress distribution along the top and bottom of the cylinder of rotation  
was proposed.
Measurements of the shear stress on the vanes have been made and 
these are presented within Section 3.4.
I f  the mechanism of strain-softening is active on the vane blade then 
the position of the maximum shearing resistance in both the vertica l and 
horizontal planes w ill change with a change in the angle of ro tation . This 
would result in a change in shear stress configuration across the fa ilu re  
surfaces circumscribed by the shear vane, and consequently a change in the 
relationship between the measured torque and the undrained shear strength 
of the s o il .
The more b r it t le  clays, such as the sensitive Champlain Clays
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(Ip  = 37%, St >  20 - 50), with th e ir cementation bonds would be more 
inclined to exhibit a progressive fa ilu re  mechanism on the edges of the 
blades where the shear strains are the largest. The. shear strains 
required to break the cementation bonds are very small thus the shear 
strength on the edges of the blades would be past the peak strength 
whilst the strength on the ends of the cylinder is s t i l l  being mobilised 
up to peak strength. (La Rochelle et a l , 1973).
The generation of shear strains around rectangular and diamond 
shear vanes has been observed by radiographic and photo-elastic methods. 
The results of these studies are discussed in sections 3.5 and 3.6.
Probable Assumed
strength strength
distribution. distribution.
Blade
end.
U—Axis of rotation
FIG 3.18 ASSUMED AND PROBABLE SHEAR STRESS
DISTRIBUTION ACROSS THE HORIZONTAL BLADE 
EDGE.(AFTER MENZIES AND MAILEY.1976)
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3 .2 .4  D isturbance due to  pene tra tion  o f  the vane
When the shear vane is inserted into the ground i t  displaces a 
volume of material equal to that of the four blades and the shaft. Excess 
pore pressure is generated in the zone of disturbance which takes time to 
dissipate. Fig. 3.19 shows the anticipated zone o f disturbance around the 
vane a fte r i t  has been inserted into the ground. I t  is an obvious 
advantage to be able to keep this zone to a minimum, thus causing 
minimum disruption to the soil to be tested.
4e
Cadling and Odenstad (1950) defined a perim eter-ratio a = 
where e is the thickness of the blades and D is the diameter of the vane. 
I t  has been recommended that the value of 'a 1 be less than 11%.
Perimeter ratio-a =
rrD
I Disturbed/zone
Vane
Failure surface
FIG. 3.19. DISTURBANCE AROUND THE VANE BLADES 
( AFTER CADLING AND ODENSTAD, 1950 )
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In order to test the influence on the measured torque of the blade
thickness, shear vane tests undertaken at the standard rotation ra te ,
were done using blades of d ifferen t thicknesses (La Rochelle et a l , 1973)
Fig. 3.20 shows the extrapolated vane shear strengths for zero blade
thickness. I t  can be seen that there is de fin ite  trend fo r the shear
strength to increase with a decrease in the perimeter ra tio . The ratio
between S , L and S , . . v is between 11% and 15%, where S ,  v is the u(o) u(std u(o)
undrained shear strength extrapolated for zero blade width and ls
the undrained shear strength measured using the standard vane.
I t  may also be expected that the greater the roughess of the vane
blade m aterial, or the coeffic ient of fr ic tio n  between the blade and the
clay, the greater the disturbance around the vane.
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FIG. 3.20. EXTRAPOLATION OF VANE STRENGTH FOR ZERO BLADE 
THICKNESSES (Su ) I AFTER La ROCHELLE et a l, 1973 )
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This e ffect may be offset in highly sensitive clays where the 
realignment of particles occurs on a narrow band with re la tive  ease.
This phenomenon could be expected to occur in the low p la s tic ity  sensitive 
Norwegian clays and the Champlain cemented clays. The clay disrupted by 
the introduction of the vane would reduce to its  remoulded strength very 
rapidly thus the disturbed zone would be kept to a minimum.
3.2.5 Multi-bladed vanes
The original shear vane designed by Olsson in 1919 (Bjerrum & Flodin, 
1960) comprised two rectangular paddles mounted ve rtic a lly * opposing one 
another. The conventional four bladed vane was not adopted for any 
reason other than i t  struck a compromise between disturbing the material 
excessively on insertion, and allowing uneven deformation during a test 
due to uneven loading.
Menzies & Simons (1977) report that tests with an eight bladed vane 
have been carried out. The results from a diamond vane test programme 
suggested that the low strength measured by the 70 degree diamond vane was 
anomalous. . To investigate the possib ility  that such an acutely pointed 
vane was not shearing the soil on circumscribing conical surfaces, a 70° vane 
having eight blades was made. Comparative tests gave results from the 
eight-bladed 70° vane which were indistinguishable from the four-bladed 
70° vane. I t  was suggested that the low values of shear strength 
measured by the four-blade 70° vane may have been due to swelling and 
stress r e l ie f  on the flo o r of the test p it as these tests were undertaken 
las t in the series.
Whereas the eight-bladed vane may have resulted in less progressive 
fa ilu re  occuring i t  was conceivable that the larger volume being pressed 
into the ground may have resulted in greater disturbance and subsequent 
loss of strength.
3.3 CORRECTION FACTORS
3.3.1 Introduction
Correction factors are used to adjust the value of the measured 
undrained shear strength to a more re a lis tic  value which may be applied to
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a foundation s ta b ility  analysis in order that a factor of safety of 
unity is obtained at the point of fa ilu re .
I t  is accepted that the trad itional lim it s ta b ility  analysis does 
not perfectly re fle c t the fa ilu re  mechanism* nor do the measured 
parameters re fle c t the behaviour of the so il. The problem therefore lies  
in conditioning either the theoretically based analysis or the soil parameters, 
or both, with empirically deri ved factors in order that simil itude is achieved 
between the s ta b ility  analysis and the behaviour o f the prototype model. 
(Menzies, 1975)
These factors may be applied to the calculated factor of safety, 
the measured shear strength or both. The following presents the more 
significant of the existing factors and postulates the use of two new ones.
3.3.2 Correction factors based on the dimensions of the vane
Skempton (1948) suggested that the fa ilu re  on the vertical sides 
of the cylinder of rotation did not occur on the surface circumscribed 
by the diameter of the blades. From observations i t  appeared that the 
surface was 1.05 times larger than the circumscribed cylinder.
Arman et al (1975) observed a sim ilar phenomenon when radiographs of a 
core slice in which a vane test had been done, were analysed. I f  th is  
factored diameter D' = 1.05D is applied to equation 3.4 i t  results in a 
reduction of 16% in Su.
In a previous section the effect of the shear velocity was discussed. 
Evidence shows that the measured undrained shear strength is a function of 
the rate of shearing on the fa ilu re  surface rather than a function of the 
rate of rotation of the vane.
Perlow & Richards (1977) proposed that a standard rate of shearing of 
0.15mm/sec be adopted instead of the standard method for Field Vane Test 
(ASTM D 2573-72) which requires a standard rotation rate of 0 .1°/sec. A 
relationship between vane diameter and rate of rotation to ensure a 
shearing rate of 0.15 mm/sec on the cylindrical fa ilu re  surface is given 
in Fig. 3.21.
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FIG. 3.21. RECOMMENDED ROTATION RATE & VANE SIZE 
RELATIONSHIP FOR PROPOSED STANDARD 
ANGULAR SHEAR VELOCITY OF 0-15mmls 
( AFTER PERLOW RICHARDS 1977 )
3.3.3 Corrections based on factors influencing the measurement of 
the undrained shear strength
3 .3 .3 .(a) Time effects
I t  has been established that the rate of rotation and the rate of 
angular shear velocity influence the value of the measured undrained shear 
strength.
The fie ld  and laboratory studies of time effects have been under­
taken on specific clays and the correction curves f it te d  to these data 
relate specifica lly  to the clays used in the tests .
I t  is of in terest, however, to record the trends and re la tive  
changes observed in each of these test series, even though the soils 
differed in the ir properties.
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Based on tests done in quaternary and post-glacial clays near 
Ska-Edeby, Sweden (P.L. =20%, L.L. = 72%) the following relationship  
was found. (Wiese!, 1973)
xf  = K .,/2  3.17
where = shear strength (Kpa)
K-j = constant (Kpa)
to = rotation rate , (degrees/min)
. Kg = exPonen't
This relationship was found for rotation rates between 0.06°/min 
and 60°/mi n.
The exponent Kg was related to the modulus of shear deformation 
as in Fig. 3.22.
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FIG.3 22:RELATION BETWEEN THE EXPONENT K2 
AND MODULUS OF SHEAR DEFORMATION.
( AFTER W1ESEL,1973 )
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Further fie ld  studies have been undertaken to determine the 
relationship between measure Su and time to fa ilu re  (Torstensson, 1977; 
Pugh, 1978; Sridharan & Madhav, 1964; B light, 1977; 1968; Wilson, 1963).
Fig. 3.23 shows the results of tests done in Backebol and Askim, 
near Gothenberg in Sweden. (Torstensson, 1977). The average 
properties of these clays are given in Table 3 .2 .
TABLE 3 .2 Backebol Inorganic Clay
-Depth 0 wm Ip t 0  St.
(m) (t/m 2) {%) ( * ) ; ' (Kpa)
3.14 1.55 80-100 50-65 16-30 20-30
Askim Organic Clay
Depth 0 wm Ip t 0  St.
(m) (t/m 2) ( « ( * ) ■ (Kpa)
2.4 1.40 115-175 80-90 17 12
Wilson (1963) undertook laboratory vane tests on specimens of 
clayey s i l t  from Port Dover, Ont. (L.L. = 26%, P.L. = 17%). The 
relationship between maximum torque and angular velocity is shown in 
Fig. 3.24.
Large vanes (508mm x 254mm) were used by Pugh (1978) to determine 
the e ffec t of time to fa ilu re  in Mucking Clay. In order to simulate an 
equivalent slow rotation in the small geonor vane, the large vanes were 
rotated at a faster rate. This was based on the assumption that 
drainage in a shear vane takes place ra d ia lly , consolidation time 
being proportional to the square of the drainage path length. An 
increase in vane diameter would increase the time of consolidation thus 
simulating a slower rotation rate. Fig. 3.25 shows the relationship  
between the ra tio  Cu/Cu(at t=10min); and time to fa ilu re .
In more sensitive clays i t  is of value to determine what e ffec t the 
rate of rotation has on the remoulded strength. There is evidence to 
show that the sensitiv ity  is reduced with a reduction in rotation rate .
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e=0-63 \________ I
Angular velocity ( deg I sec )
FIG. 3.24. DEPENDENCE OF MAXIMUM TORQUE 
ON ANGULAR VELOCITY OF TORQUE 
DIAL. ( AFTER WILSON 1963 )
This is largely due to a decrease in undisturbed shear strength. The 
remoulded strength is not s ign ifican tly  ;affected by a change in testing  
rate. (Sridharan & Madhav, 1964)
Having observed a disparity between the calculated factor of 
safety a t fa ilu re  and the factor of safety determined by back-analysis 
in embankment fa ilures Bjerrum (1972, 1973) and Menzies & Simons (1977) 
reanalysed a number of t r ia l  embankments. I t  was found that in the 
majority of cases the embankments fa iled  on an observed fa ilu re  plane 
with a predicted factor of safety greater than unity. (F.0.S.>1)
The soils investigations for each of these t r ia l  embankments 
included the computation of the undrained shear strength by means of the 
shear vane test.
Table 3. 3 summarises the findings in each case. I f  the F.O.S. is 
plotted against the p las tic ity  index of the clays a relationship as 
shown in Fig. 3.26 is ob ta ined ..If this variation may be described in 
terms of a factor which could be applied d irec tly  to the measured
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TABLE 3.3
EMBANKMENT FAILURES BACK-ANALYSED BY 
BJERRUM, (1972,1973) AND MENZIES AND SIMONS (1977)
No. Reference and Location Factor of 
Safety, F
P las tic ity  
Index, Ip%
1 * Parry and McLeod (1967), Launceston 1.65 108
2 * Eide and Holmberg (1972), Bangkok, A 1.61 85
3* Eide and Holmberg (1972), Bangkok, B ; 1.46 85
4 * Golder and Palmer (1955), Scrapsgate 1.52 82
5* P ilo t (1972), Lancester 1.38 72
6 Eide (1968), Bangkok 1.5 60
+7 Peterson et al (1957), Seven Sisters 1.5 59
8 * P ilo t (1972), Saint Andre de Cubzac 1.4 47
g* Dascal et al (1972), Matagami 1.53 47
1 0 * P ilo t (1972), Pornic 1 . 2 45
n Serota (1966), Escravos Mole 1 .1 40
12 Roy (1975), Somerset 1 . 2 36
13 Menzies and Simons (1977), Brent Knoll 1.37 36
14* l/ilkes (1972), King's Lynn 1 .1 35
15 Lo and Stermac (1965), New Liskeard 1.05 33
16* P ilo t (1972), Palavas 1.30 32
+17 Stamatopoulos & Kotzias (1965), Thessalonika 1 30
+18 La Rochelle et al (1974), Saint-Alban 1.3 25
19 Flaate and Preber (1974), Jarlsburg 1 .1 25
2 0 Flaate and Preber (1974), Aulieliva 0.92 23
21 Flaate and Preber (1974), Niesset 0 . 8 8 22
22 Flaate and Preber (1974), As 0.80 2 0
23 Flaate and Preber (1974), Preser0dbakka 0.82 17
24* P ilo t (1972), Narbonne 0.96 16
25* Ladd (1972), Portsmouth 0.84 16
26* Haupt and Olson (1972), Fair Haven 0.99 16
27 Flaate and Preber (1974), Skjeger0d 0.73 11
28 Flaate and Preber (1974), Tjernsmyr 0.87 8
29 Flaate and Preber (1974), Falkenstein 0.89 8
*  quoted by Bjerrum (1972) 
+ estimated average values
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Legend
•  Reid vane tests. (Weiset,1973)
Ska edeby clay, 
o Laboratory tests. ( Wesley/1975) 
Mucking clay 
Mucking day ( level 3 )
Large (* )  & Geonor (4) vane tests. 
Mucking day (level £.)
Large (■) & Geonor (*> vane tests. 
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Average results
FIG. 3.25. STRAIN RATE INFLUENCE ON LABORATORY AND FIELD VANE UNDRAINED STRENGTHS.
( AFTER PUGH; 1978)
undrained shear strength i .e .
V x F- ° 'S-calculated = F.O.S. observed
or
JUx (Su), (Su) 3.18vane '" " 'f ie ld
then, by reanalysing the data the relationship in Fig. 3.27 may be 
obtained. The resultant coefficient of correlation is of the order of
0.76 which is indicative of the considerable scatter in the points. The 
scatter may well be caused by numerous factors including creep, s tra in - 
softening and progressive fa ilu re .
The "Bjerrum" correction factor JUg may be regarded as representing 
elements of loading rate e ffe c t, strength anisotropy and progressive 
fa ilu re . To improve the approach, i t  is necessary to examine each of
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these effects separately. Whilst an estimate of the influence of the 
anisotropy e ffec t may be made for a specific clay based on fie ld  t r ia ls ,  
and determined theoretica lly , the e ffect of progressive fa ilu re  is 
determined largely by the constraints of the test and the analysis of 
the results. This is discussed fu lly  in Chapter 6 . K alteziotis (1980), 
however, proposed a general analytical approach based on the f in ite  
element method using strain-softening elements.
3.3 .3 (b) Anisotropy
Based on the variation of undrained shear strength with direction  
measured by the shear vane, Menzies (1976) proposed a correction factor 
to accommodate anisotropy only in a bearing capacity calculation. A 
sim plified bearing capacity configuration was considered as shown in 
Fig. 3.28
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FIG.3. 26 : Correlat ion between Plasticity Index & Factor oF SaFety
predicted From shear vane measurements oF Failed embankments
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(after Bjerrum 1972. )
A relationship between the equivalent "isotropic" strength and the 
strengths in the horizontal and vertical directions was obtained. This 
strength was used in the bearing capacity equation developed assuming 
an isotropic so il. When this is compared with the bearing capacity 
equation taking into.account an anisotropic soil displaying a strength 
variation as proposed by Menzies & Mai ley (1976), a correction factor 
IJa may be found where
„ = qa = [~(R + 1)26 - (R - 1 )S in2el/S in26 3  lg
^  2 .37(2R + 1/3)
Fig. 3.29 shows the factor JJa plotted against R, the degree of
anisotropy.
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FIG  3 .2 8  s S IM P L IF IE D  BEARING CAPACITY
CONFIGURATION.
( a f t e r  MENZIES, 1976)
This factor is applicable in the case where the soil is taken 
to be weightless and to fa i l  in a c ircu lar arc.
" 3 .3 .3 .(c) Anisotropy correction factor for non-circular fa ilu re  
surface
A fa ilu re  surface has been assumed as shown in Fig. 3.30. The 
soil was assumed to be weightless, but the fa ilu re  surface was 
bounded by two circu lar sectors sweeping through 90° with a horizontal 
plane in between.
An analysis, sim ilar to that proposed by Menzies (1976) was 
undertaken taking into account the configuration of the fa ilu re  surface. 
The development of the correction factor is given in Appendix I I I .
The relationship between JUa and R is plotted in Fig. 3.31 as a 
family of curves for R'/L between 0.001 and 1000. The special case of 
a very large r7 l ra tio  is given by the relationship between Ua and R in
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Fig. 3.29 (Menzies, 1976).
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3. 29 — Relationship between Correction Factor Ua and Degree of Anisotropy of
Undrained Shear Strength, R. (after Menzies, 1976)
This correction factor, unlike the Bjerrum correction factor Ug 
(Bjerrum, 1973), takes into account anisotropy only. Although JJg 
embraces a ll three influences of s tra in -ra te , anisotropy and progressive 
fa ilu re , i t  is suggested that the major contribution is that of s tra in - 
rate. I t  is therefore intended that the correction factor Ua' should be 
used in conjunction with JJg to correct Su(vane) as follows:
Su(f ie ld )  ” Ua' “UB-Su(vane) 3.20
N =R /L
d a \
FIG 3 .3 0 :  SIMPLIFIED BEARING CAPACITY CONFIGURATION 
FOR THE DETERMINATION OF JUa, ANISOTROPY  
CORRECTION FACTOR FOR NON-CIRCULAR  
SLIP SURFACES.
3 .3 .3 .(d) Anisotropy correction factor assuming Su = Su^ qO^
Menzies & Mailey (1976), Andrews(1976) and Mailey (1975) observed 
that the factored Su, using the Bjerrum correction factor JUB, was 
arithm etically equal to the value of S u^o^ derived from the Casagrande 
and Carrilo (1944) expression for shear strength a t 0 = 60°
i .e . Su(60°) SuH + (Suv - SuH) C o s 2 6 0 3.21
Su(6 o°) may then be related to the measured Su^.so-tropiC) ^  
following expression:-.'
^u(60°) ^c^u(isotropic) 3.22
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Fig. 3.31 —Relationship between Ua', Correction Factor For Non—Circular Slip Surfaces, 
and Degree oF Anisotropy oF Undrained Shear Strength, R.
Su [^ may be expressed in terms of Su( i sot r 0 pic) in following 
way (Menzies, 1976):-
SuH 7 / 3  XSu(is o tro p ic )(2R + 173)
where Su,. . . N is measured by the rectangular vane with a H/D(isotropic)
ra tio  of 2 .
3.23
By substituting SuH for Su(1sotr<)p1c) and Su( 6 0 o} for JJc.Su(isotropic)
in equation 3.23 the following expression may be found.
3 . 2 4
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The variation of JUc with R and the degree of anisotropy may be 
seen in Fig. 3.32.
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FIG 3 .32: R e la tio n s h ip  between th e  C o rrec tio n  F a c to r Uo and
Degree oF Anisotropy o f Undrained Shear S tre n g th , R.
3 .3 .3 .(e) A comparison between three anisotropy correction factors
In addition to the previously mentioned correction factors for  
strength anisotropy Law (1978) considered the moment equilibrium of an 
embankment on a soil which demonstrated a strength anisotropy which 
could be expressed in terms of the square of the direction cosine (Lo, 1965).
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An approximate expression for the factor of safety was found to be 
(see Fig. 3 .3 3 ):-
F = f  --2S-1<r^.69-  3.26
-a  h y f r 2fcS in 2cx
where: r  is the radius of the s lip  c irc le ; 2a is the subtended angle at
the centre of the s lip  surface laying in the subsoil; h and y^ are the 
height and density of the embankment respectively.
r.SIN cC
VERTICAL
2 d .
EMBANKMENT
FAILURE
SURFACE
SUBSOIL
FIG 3.33: DEFINITION OF PARAMETERS FOR STABILITY 
ANALYSIS . (  after LAW, 1978)
By minimising F, an expression for evaluating a may be found which
I t  can be seen that fo r an isotropic soil R = 1  and a = 6 6 . 8 ° .  For 
the anisotropic case undrained tests have shown that $ fa lls  between 
50° and 60° with a probable mean about 56°. A relationship between a 
and R is found in equation 3.27 above.
An average strength over the length of the s lip  surface may be 
found and related to the arithmetic mean of Su  ^ and Suv by
/ S ii + S \
C ! l m (  U V )  o  q q
ave = JJm-  Z   3 - 2 8
where
XJm 1 + i l ~ . l ).S i r ?.2 a.Cos, ?.Q. 3.29
2 ( R + 1 )a
u^H may be related to the apparent isotropic strength Su^vanej 
measured by the rectangular vane having a H/D ra tio  of 2 as fo llow s:-
SU(vane) = y  sh + V 3 ) (Menzies, 1976) 3.30
By le ttin g  Sgve = ita(vane)Su(vane) 3.31
where/Urn, x is the correction factor to be applied to the measured (vane) rr
vane shear strength to determine S^ave^, the following expression may 
be found:-
' '0m/ «  \ = n  + ( R - l ) . Sln 2olCos 2g------------- Z--------  3.32
<vane' 2(R + l)a  2 3{2R + 1 /3 )
The three correction factors for anisotropy being;
1. Menzies (1976), based on a sim plified bearing capacity problem;
2. Law (1978), based on the moment equilibrium of an embankment on the
s o il;
3. A correction factor based on the observation that the factored 
isotropic strength (Bjerrum, 1973) is arithm etically equal to the 
strength of the soil sheared at an angle of 60° to the vertica lJ
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are plotted against'R, the degree of anisotropy on the same set of 
axes in Fig. 3.34. I t  may be seen that a ll three correction factors 
plot close to one another, with the correction factor AJ(60°) giving the 
greatest variation in strength. For R = 1, a ll correction factors are 
equal to unity, which should be expected as this is fundamental to the 
derivation of the factors.
1.6
FACTOR PLOT
(Law, 1978) 
(Menzies, 1976)
U (Law)
Su*UB=Su(60°)U (60deg)
0.6
0 .5  1 .0  1 .5  2 .0
R=SuV/SuH
Fig. 3.34 ~ Relationship between Connection Factone, Ua, U (Law), U(60deg), and Degnee 
of Anisotnopy of Undnained Shean Stnength, R.
of
The significance and application these correction factors 
is discussed in Chapter 7.
3 .3 .3 .( f )  Progressive fa ilu re
The conventional analysis of the shear vane test assumes that the 
soil is homogeneous, isotropic and that the shear stresses are mobilised
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simultaneously on a ll faces to the same extent. Flaate (1966) and 
Donald et al (1977) among others, have shown.that the shear stresses on 
the ends of the cylinder of rotation are mobilised in such a way that 
they increase with increased distance along the radius. Measurements 
of this increase with increasing rotation have shown that the shear 
stress distribution is related to the distance along the radius by a 
power function. This is discussed in more detail in Section 3.4 .
3 .3 .3 .(g) Horizontal shear stress distribution
Consider the shear stress distribution along the horizontal ends 
of the cylinder of rotation to be triangular or rectangular.
(see Fig. 3 .18). I f  the shear stress distribution is assumed to be 
rectangular then the shear strength Su is calculated from
and i f  the shear stress distribution is assumed to be triangular the 
shear strength Su is calculated from
Equations 3.33 and 3.34 reveal that for the assumed triangular d istribution  
the shear strengths are 3.7 per cent higher than for the rectangular 
distribution .
This difference is increased i f  strength anisotropy is taken into  
account. Rewriting equations 3.33 and 3.34 to take into account 
strength anisotropy the following expression may be found:-
assuming a rectangular distribution of shear stress
Su = , (H = 2D)
7tfD 3
3.33
3.34
9ttD3
^(Su-rect) ^  (2R + 1/3) SuH 3.35
whilst assuming a triangular distribution of shear stress
M(Su*triang) (2R + 1/4)SuH 3.36
where R = Suv/Suh j the degree of strength anisotropy.
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I f  Su^ectj and Su^r ^angj are the vane strengths found from the 
assumption of a distribution of horizontal shear stress which is 
rectangular and triangular respectively then a correction factor JUp 
may be deduced where
Su(triang) = ^D Su(rect) 3.37
where AJp is a function of R and by substituting in 3.35 and 3.36 
the following expression is derived
ij _ (2R + 1/4)
A J p  -  ----------------------------------
(2R + 1/3)
/Up is plotted against R in Fig. 3.35,
3.38
1.00
0. 98 • -
0. 96 ■ -
D
0 .9 4  s '
0. 90 2 .01.0 1 .50 .5
R=SuV/SuH
Fig. 3.35 — Relationship between Correction Factor For Triangular Distribution of 
Horizontal Shear Stress Ud and Degree oF Anisotropy, R.
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Whilst for niost soils the strength correction for stress 
distribution w ill be small i t  is nevertheless f in ite  and may be 
estimated.
The contribution of the shear stress on the ends of the cylinder 
o f rotation becomes significant when the H/D ratio  of the vane becomes 
small (< 1 ). This case is treated as a special case in the section 
dealing with strain softening on the vane blades. (Chapter 6 )
Accordingly, together with the shear vane correction factors for 
progressive fa ilu re  and testing rate (Bjerrum, 1973) and strength 
anisotropy (Menzies, 1976; Law, 1978; see Section 3.3 .3) this 
correction factor for shear stress distribution may contribute to a 
more re a lis tic  interpretation of shear vane measurements of soil strength.
3.4 THE INSTRUMENTED VANE TO MEASURE SHEAR STRESS DISTRIBUTION
3.4.1 Estimates of shear stress distribution
Since the f i r s t  recommendations for the operation of the shear 
vane and analysis of the results were set out by Cadling & Odenstad (1950), 
the conventional interpretation of the torque measured on the vane has 
assumed that the shear stresses on a ll the fa ilu re  surfaces are mobilised 
simultaneously and to the same extent.
Flaate (1966) considered that i t  should be reasonable to expect a 
triangular distribution of shear stress mobilised along the radius of the 
ends of the cylinder of rotation circumscribed by the vane blades.
Goughnour and Sallberg (1964) proposed that a parabolic stress 
distribution existed on the horizontal of the vane blades.
However Donald et al (1977) applied a three dimensional f in ite  
element programme to determine the shear stress distribution on the-shear 
vane. The programme used was SOLID SAP with a 3-D solid brick element 
having three degrees of freedom at each node. A small rotational 
displacement was imposed on elements which simulated a rig id  vane.
Poisson's ratio  v/as taken as 0.48 and a nominal modulus, E, was used in 
the calculations. The material was assumed to be linear e lastic  across 
the elements. The shear stress distribution obtained in this manner is
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shown in Fig. 3.36. The re la tive  magnitudes of the shear stresses are 
not shown and the diagram should be seen only as a qualitative  
representation of the shear stress distribution (Donald, 1979).
Section A-A
Elastic range only 
3D RE.analysis
FIG. 3.36. SHEAR STRESS DISTRIBUTION ON CYLINDER WHICH WILL 
BECOME THE FAILURE SURFACE. (AFTER DONALD et al/1977)
3 .4 .2 . The test program
The object of the instrumented vane test program was to measure 
accurately the shear stresses on the vane blades during a te s t. Although 
a parametric study (Donald e t a l , 1977) had been undertaken and 
differen t loading conditions examined by the author in an attempt to 
simulate the fa ilu re  mechanism on the boundaries of a shear vane,
(Gerrard & Wardle,1973; Gerrard, 1977; Gerrard and Harrison, 1970), a 
physical measurement of this distribution during a test would allow the 
analysis to be used with greater confidence.
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I t  was the intention to construct a vane which was able to 
monitor the shear stresses on the edges of the blades during the 
execution of a test.
In order to create an assessment of the stress distribution a t any
one time, during a test the measurements would have to be taken rapidly
and stored on some recording device for la te r analysis.
The tests were carried out in two types of material
1. Dry dense well-rounded Leighton Buzzard Sand (100% passing 100 
sieve but retained on 2 0 0  sieve) in the laboratory.
2. In -s itu  s t i f f  brown London Clay.
Fig. 3.37 shows the sand used in these tests. A grading analysis 
is shown in Fig. 3.38.
S£t*M8»ft«rX>NSOUfKZ
LEIGHTON
B UZZ ARD
D&CftJTOON
FI NE W E L L  R O U N D E D  
SAND
SAMW.E No
100/200
l.S.SWEVIS fffofrk rtmg>)
9090
00OO
7070
6060
5050
4040
3030
2020
TO
5IZI 0-3
CUT SILT
FIG3.38: GRADING OF THE LEIGHTON BUZZARD SAND USED IN 
THE INSTRUMENTED VANE TESTS.
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FIG 3 .3 7  • ELECTRON MICROGRAPH OF LEIGHTON BUZZARD 
SAND. (mag. 3200X).
FIG  3 . 3 9  : SHEAR VANE AND CONTROL SYSTEM WITH
DATALOGGERS PREPARED FOR AN INSTRUMENTED 
VANE TEST IN  THE LABORATORY.
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A total of eight tests were carried out in the dense Leighton
Buzzard sand and one test was attempted in the s t i f f  brown London Clay.
Two of the eight tests were carried out in remoulded sand. This
was achieved by rotating the shear vane through 360° a fte r a test had
been completed and then commencing the remoulded test.
In each test the following data were monitored:
1. Torque in Newton-metres
2. Rotation in degrees
3. Output from the cantilevers measuring the shear stresses in
calibrated units of force.
The Leonard Farnell vane torque head and stand were used in these 
tests, fixed securely to a frame over the rectangular container holding 
the sand. The arrangement of the equipment for a test may be seen in 
Fig. 3.39. The sand container in this photograph has not been f i l le d  in 
order to show the position of the vane rod re lative  to the stand and 
container.
3 .4 .3  The preparation for and execution of the tests
The preparation for the instrumented vane tests fe l l  into two 
categories. These were: i )  the design and construction of the vane
its e l f ,  including the strain-gauged 
cantilevers and data-logging system, and
i i )  the design and assembly of the sand model 
and apparatus to accommodate the Farnell 
shear vane equipment.
The development of this equipment and details of the tests are 
described in detail in Appendix I I  along with the measured data from 
each test.
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FIG  3 .4 1  (a ) s DEVELOPMENT OF SHEAR 
STRESS WITH INCREASING ROTATION -  
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3 .4 .4  Obseryed shear s tre ss  d is t r ib u t io n
3.4.4.1 Tests in Leighton Buzzard Sand
In general the shear stress distributions across the horizontal 
edge o f the vane blade were considerably more consistent that those 
distributions measured along the vertical edge o f the vane blade.
Although considerable care was taken in following the sand pouring 
techniques of Menzies (1970), Janus (1967) and Philips & May (1967) 
to obtain a uniformly dense m aterial, the resultant stresses measured 
on the strain-gauges during the tests showed differences of up to 50% 
in the vertical stress d istribution .
Typical shear stress distributions on the horizontal and 
vertical edges of the blade, with increasing rotation of the vane are 
shown in Fig. 3 .40(a ). As the distribution measured on the horizontal 
blade edge is so consistent the variation in the observed stress 
distribution on the vertical edge may be attributed to one or more of 
the following factors:
1. A variation in density with depth of the sand due to shearing 
whilst i t  was being poured.
2. Irregular packing of the sand particles around the vane blades with 
a subsequent variation in density.
3. Boundary effects due to the proximity of the container walls and 
base.
3 .4 .4 .2  Test in s t i f f  brown London Clay
One test in s t i f f  Brown London Clay was attempted a t a depth of
2.5 metres. Although the strain-gauges were thoroughly encapsulated 
the environment was su ffic ien tly  aggressive to short out 5 out of a total 
of 16 strain-gauges.
Fig. 3.41(a) shows the measured stresses on the horizontal and 
vertical edges of the vane blade during the test in London Clay. The
horizontal stress distribution d iffers  markedly from that in Fig. 3 .40(a ) s
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although both tests show an increase in shear stress with increase in 
radius from the axis of rotation.
3.4 .5 Normalised shear stress distributions
3.4.5.1 Least squares regression analysis
The measured data.were subjected to least squares regression 
analyses of the following types
1 . linear
2 . exponential
3. power
4. logarithmic.
The resultant b e s t- f it  curves were compared. I t  was found that in 
a ll cases the least squares regression curves were of the same type and 
were sim ilar.
3 .4 .5 .2  Horizontal shear stress distribution
I t  was found from the regression analysis that the measured data 
corresponded to a power curve of the form
y = ax*5 3.39
where y is the shear stress in Kpa and x is  the distance along 
the radius divided by the loaded radius i .e .  r /r^ . Therefore 
0  < x < 1 .
The exponent b varied between 1.5 and 1.7 i f  a ll the tests are
2taken into account. The coefficient of correlation, r  , was found to 
vary between 0.990 and 0.999.
The scaling factor, a, increased with increasing rotation . In 
order to determine an average function to describe the horizontal stress 
distribution , each test was divided into two categories:
1 . p re-fa ilure condition
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2 . post-failure condition.
The data from each scan were normalised by scaling them in the 
ra tio  of the scaling factors a/a (max), where a(max)wasthe scaling factor 
from the function describing stress distribution at fa ilu re .
A regression analysis was done on the rescaled data pairs taking 
the average normalised shear stress value in each case.
The following table gives the functions describing the horizontal 
shear stress distributions derived in this manner for each test.
TABLE 3.4 Normalised horizontal stress distribution function
y = ax  ^ where a = 1
TEST No Exponent b Correlation Coefficient
Pre-fa ilure post-failure pre-fa ilu re post-fa ilure
T2/01-12-78 1 . 6 8 1 . 6 8 0.999 0.996
T3/01-12-78 1.75 1.65 0.943 0.991
Tj/12-01-79 1.62 1.61 0.999 0.999
T 2 / l 2-01-79 1.60-1.75 1.59 0.997 0.999
Ti/22-02-79 1.77 1.77 0.997 0.998
Tx/27-03-79 1.69 1 . 6 8 0.999 0.999
T2/28-03-79 1.65-1.62 1.63-1.61 0.999 0.999
Tx/01 -05-79 1.74-1.71 1.70-1.69 0.997 0.999
TEST CLAY 4.45 4.45 0.776 0.821
Where amax is the scaling factor from the function describing 
the stress distribution at fa ilu re . Typical normalised shear stress 
distributions in the horizontal and vertica l planes found in the sand 
test are shown in Fig. 3.40(b) whilst typical normalised distributions  
found in the London Clay test are shown in Fig. 3 .41(b ).
The regression analysis on the data from the clay test revealed 
that an exponential function of the form
y = a.e^x 3.40
where y = shear stress in Kpa
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and x = ra tio  of the distance along the radius of the
circumscribed cylinder to the loaded radius (0 < x<c 1 )
represented the stress distribution marginally better than the power 
function in Table 3.4 .
The following comparison may be made
TABLE 3.5 Horizontal stress distribution function for clay test
TEST EXPONENTIAL FUNCTION POWER FUNCTION
exponent b > 2 exponent b
Clay Test 7.73 0.914 4.45 0.821
In the following section on the comparison of measured and 
predicted shear stress distributions, the exponential function has 
been taken to represent the horizontal shear stress d istribu tion .
The following observations may be made from Table 3 .4  and 
Fig. I I . 1 to 11.32 in Appendix I I .
1. The shear stress distributions are reproducible in a ll the tests 
undertaken in the same soil and loading conditions with 
corresponding high coefficients of correlation relating to the 
regression analysis.
2. The exponent varies within close lim its  and is marginally higher 
in the function describing the stress distribution prior to 
fa ilu re  than a fte r fa ilu re . I t  would appear that the d istribution  
of shear stress tends to become triangular with increasing 
rotation.
3. Inspection of Figs. I I . 1 to 11.32 in Appendix I I  reveals a 
tendency for a strain-softening mechanism to operate as the vane 
is rotated to mobilise torque at fa ilu re . A more radical 
development of this mechanism and its  e ffec t on the measured 
torque is examined in Chapter 6 .
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4. The fa ilu re  torque and maximum shear stresses measured on the 
edges of the vane blades are not mobilised simultaneously.
Fig. 3.42 shows the typ ica l development of torque, maximum shear 
stress on the horizontal blade edge and the maximum shear stress 
on the vertica l blade edge with increasing angle of rotation . I t  
should also be noted that the maximum shear stresses measured on 
the vertical and horizontal vane blade edges are not equal. This 
has been proposed by Menzies and Mailey (1976) and measured using 
shear box tests in sand poured at d ifferen t angles to the normal 
stress during shearing. (Philips & May, 1967).
1.2
TEST T l / 1 2 - 0 1 - 7 9
1.0  -
0 . 8  -
0 .6  -
0.4 TORQUE
HORIZONTAL STRESS
VERTICAL STRESS
0.2
3020 250 5 10 15
ROTATION IN  DEGREES
FIG 3. 42: NORMALISED RELATIONSHIP BETWEEN DEVELOPMENT OF TORQUE
EQUIVALENT HORIZONTAL AND VERTICAL SHEAR STRESS.
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5. The exponent b derived from the tests done on London Clay is 
substantially d iffe ren t from the exponents obtained from the 
tests done on Leighton Buzzard sand. The corresponding 
coefficients o f correlation are substantially less than those 
derived from the regressions on tests in Leighton Buzzard sand.
This deviation is very lik e ly  due to the structural and 
behavioural differences of the two materials. Whilst great care 
was taken to ensure that the sand in the sand model was o f a constant 
density, the homogeneity of the material in the f ie ld  could not be 
guaranteed. Layering of the sand due to changes in pouring technique 
could account for local variations in sand density. The test in 
London Clay was undertaken close to the surface and the weathered 
layer.
3 .4 .5 .3  Vertical shear stress distribution
I t  was found from the regression analysis that the measured data 
best f it te d  a logarithmic curve of the form:-
Y = a + b.InX 3.41
where Y is the shear stress in Kpa
X is the distance down the vertical blade edge divided
by H/2 (0 < X < 1 ), and
a and b are constants.
The data pairs were normalised using the same technique described 
in the previous section. Table 3.6 gives the functions describing 
the vertical shear stress distributions derived for each test. The 
shear stress distribution has been assumed to be symmetrical about the 
centre of vertical blade edge. The function therefore describes the
distribution only in the top half of the blade. X = 0 a t the corner
where the horizontal and vertical blade edges meet and increases
v e rtica lly  downwards.
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FIG  3 . 4 4  s NORMALISED EQUIVALENT SHEAR 
STRESS DISTRIBUTION ALONG THE VERTICAL 
BLADE EDGE ASSUMING EQUAL FIRST MOMENT
OF AREA ABOUT THE AXIS OF ROTATION.
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TABLE 3.6 Normalised v e r t ic a l s tress  d is t r ib u t io n  fu n c tio n
Y -  a + b.lnX where a = 1  and b = b/a
Test No 5 Correlationcoefficient
T2/0 1 -12-78 - no correlation
T3/01 -12-78 - no correlation
T i /1 2-01-79 0.472 0.490
T 2/ l 2-01-79 0.136 0.300
T i /22-02-79 0.175 0.482
Tj/27-03-79 0.965 0.768
T2/ 28-03-79 0.846 0.727
Tj/Or-05-79 0.T75 0.651
Test Clay 0.204 0.313
The following observations may be made from |Table 3.6 and
Figs I I . 1 to 11.32 in Appendix I I .
1. The coefficients of correlation fo r a ll of the tests are very Tow
The repeatability of the results is doubtful as the values of b
vary between 0.175 and 0.965 with a corresponding variation in 
the value of the coefficients of correlation. (0.300 - 0.768)
2. All shear stress distributions, however, are described by the
same type of function i .e .  Y = a +b.lnX
This necessitates an increase in Y fo r X tending to zero, as b is
negative. This phenomenon was found by Donald et al (1977) by 
undertaking a linear e lastic  parametric study of the shear vane.
3. There is a great deal of scatter in the measured points. However 
the rate of increase in shear stress with rotation is reasonably
constant for a ll the data measurement points along the blade
edges (see Figs I I  . 1 to 11.32 in Appendix I I . )  which would 
indicate that this scatter is due to layering in the sand rather 
than a loss o f  calibration in the equipment.
4. The low coefficient of correlation derived from the regression
122
2analysis to determine B in the clay test ( r  = 0.313) is again 
an indication of the v a r ia b ility  of the material in the f ie ld .
I t  is lik e ly  that any change in strength of the material due 
to layering would be reflected in the strain-gauge readings.
3 .4 .5 .4 . Comparison of the measured and predicted shear stress
distributions on the rectangular shear vane blades
In order to compare the shear stress d istribution across the top 
and down the length of a rectangular blade, i t  is necessary to examine 
the e ffec t on the measured torque.
The three horizontal shear stress distributions considered are :-
1. The triangular d istribution
i .e .  Y = a-jX 3.42
2. The measured d istribution in sand
i .e .  Y = a2X1,65 3.43
3. The measured distribution in clay
i .e .  Y = a3e7-73X 3.44
(The exponent in case 2 has been taken as 1.65, which has been found 
to be a reasonable representation of the function taking into account 
a ll the measured data).
The three vertical shear stress distributions considered are :-
1. The uniform distribution
Y = constant 3.45
2. The measured distribution in sand
i.e .  Y = ' a + 0.262lnX 5 = 1
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3.46
3. The measured d is t r ib u t io n  in  c la y
i .e .  Y = a + 0.204lnX a = 1 3.47
(b in case 2 has been found by taking into account a ll the measured 
d ata .)
Fig 3.43 and Fig 3.44 show the three shear stress distributions on 
the horizontal and vertical blade edges respectively plotted to the 
same scale where in both sets;
^case 1 " ^case 2 ” ^case 3 3.48
I t  can be seen therefore that the interpretation of the measured 
torque may assume that the shear stress on the horizontal blade edge 
is distributed with a linear increase with increasing radius and the 
shear stress on the vertical edge is uniformly distributed. (F laate, 
1966; Menzies & Mai ley , 1976; Donald et a l? 1977.)
3 .5 A RADIOGRAPHIC STUDY OF THE SHEAR STRAINS AND DEFLECTIONS 
ASSOCIATED WITH THE SHEAR VANE.
3.5.1 The rectangular shear vane
3.5.1.1 The construction of the model
A model shear vane 64 mm long and having a diameter of 32mm was 
made to f i t  into the centre of a 100mm square perspex container which 
was f i l le d  with dry dense Leighton Buzzard sand. About the midpoints 
of the vane a grid of small lead shot was carefully placed on a plane 
normal to the axis of rotation of the vane. The container was sealed, 
ensuring a uniform pressure was applied to the contents, and radiographs 
taken of the model with its  axis of rotation paralle l to the direction  
of irrad ia tion .
Appendix IV describes the design and construction of the model, 
and the procedures adopted in taking the radiographs. Lead shot 
deflections in sand due to rotating diamond and rectangular vanes are 
shown graphically.
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iF I G  3 . 4 5  : PHOTOGRAPHIC P R IN T  OF 
SUPERIMPOSED RADIOGRAPHS SHOWING THE 
DISPLACEM EN T OF LEAD SHOT BY THE 
MODEL VANE RO TATIN G  THROUGH 1 0 ° .
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3 .5 .1 .2  The shear s tra in s  and d e fle c tio n s  o f  lead shot re la te d  to  the
rotation of the vane
Lead shot was placed in a close grid about the centre line  of the 
vane. The vane was then rotated in increments of 2.5 degrees to 10° and 
then in 5° increments to 20°. After each increment of rotation the 
vane was clamped and a radiograph taken. The deflections of the lead 
shot could be determined easily by comparing the positions of the lead 
shot a fte r each increment of rotation. Fig. 3.45 shows a photographic 
prin t of a series of radiographs showing a rotation of the vane from 
0 degrees to 10 degrees.
The magnitude and direction of the principal shear strains 
associated with the movement of the lead shot were determined by the 
technique described by James (1972). Each lead shot was taken as a 
nodal point of a triangular element. Two triangular elements were 
constructed from every four lead shot in the grid describing roughly 
a rectangle.
In order to reduce the errors due to inaccurate d ig itis ing  of the 
lead shot (see Appendix IV) the vector summation of the strains 
associated with small incremental rotations was computed to give the 
strains associated with larger rotations. For example, the strains 
computed for a rotation of the vane from 0 degrees to 10 degrees consist 
of the vector summation of the strains computed from the incremental 
rotations, in steps of 2.5 degrees from 0 degrees to 10 degrees.
3 .5 .1 .3  Graphical representation of the deflections of the lead 
shot and the associated shear strains
A program was developed on the Hewlett Packard 9825A computer and 
plotting fa c il i ty  to calculate the deflections and strains associated 
with the increments of rotation and to describe them graphically.
Fig. 3.46 shows the plotted deflections of lead shot around the 
midpoint of a model vane rotated to 5 degrees in fine dense Leighton 
Buzzard sand. The original position of the shear vane is shown in solid  
lines whilst the further increments of the vanes rotation are shown in
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dotted lines. The vane is shown to rotate in an anti-clockwise 
direction.
POSITION OF VANE
“ T
FIG 3 .4 6 : DEFLECTIONS OF LEAD SHOT AROUND THE MID-POINT OF A 
RECTANGULAR VANE ROTATED IN LEIGHTON BUZZARD SAND.
Fig 3.47 and Fig. 3.48 show the plotted deflections of the same 
vane rotated from 5 degrees to 10 degrees and from 10 degrees to 20 
degrees respectively.
The boundaries of the container were constructed of fle x ib le  
material to allow the sand to d ila te . I t  can be seen that this has 
resulted in a gradual outward radial movement of a ll the lead shot.
This movement was s light and the strains small compared with the strains  
associated with the rotation of the shear vane. (Approx 3%.)
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ROTATION OF VANE
v
N.
FIG 3.47s DEFLECTIONS OF LEAD SHOT AROUND THE MID-POINT OF A 
RECTANGULAR VANE ROTATED IN LEIGHTON BUZZARD SAND.
ROTATION OF VANE
10°
\ \
FIG 3.48: DEFLECTIONS OF LEAD SHOT AROUND THE MID-POINT OF A 
RECTANGULAR VANE ROTATED IN LEIGHTON BUZZARD SAND.
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Figures 3.49, 3.50 and 3.51 show contours of principal shear 
strains at the midpoint of a model rectangular vane rotated to 5 degrees, 
10 degrees and 20 degrees respectively in dense fine Leighton Buzzard 
sand. The points shown on these figures are the positions of the 
centroids of the triangular elements at the specified rotation as the 
strains are calculated for these positions. Furthermore the positions 
of the vanes at the specified rotations have been shown.
FIG 3. 49: NORMALISED CONTOURS OF MAXIMUM SHEAR STRAIN ABOUT 
THE MID-POINT OF A RECTANGULAR VANE ROTATED IN FINE 
LEIGHTON BUZZARD SAND.
The contours of shear strains have been normalised re la tive  to 
the highest measured strain in each quadrant.
From Figs 3.49, 3.50 and 3.51 the contours of shear strain  suggest 
that the planes of maximum shear stress are not generated in i t ia l ly  on
5° ROTATION
within contour 
of max. shear
strain
06 max
zero strain
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FIG 3.
FIG 3.
I: NORMALISED CONTOURS OF MAXIMUM SHEAR STRAIN ABOUT 
THE MID-POINT OF A RECTANGULAR VANE ROTATED IN FINE 
LEIGHTON BUZZARD SAND.
NOTE: SEE FIG:3.49 
FOR KEY TO CONTOURS.
20° ROTATION
f /M '
: NORMALISED CONTOURS OF MAXIMUM SHEAR STRAIN ABOUT 
THE MID-POINT OF A RECTANGULAR VANE ROTATED IN FINE 
LEIGHTON BUZZARD SAND.
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an arc joining the tips of the shear vane blades. The arc is shown 
as a dotted line in each case. The contour of maximum shear strain  
forms a flattened arc approximating a chord between the blade tip s .
This phenomenon is also observed i f  the fringes of principal shear 
strain are analysed in the photo-elastic model described in Section 3.6 .
As the angle of rotation increases from 5 degrees to 20 degrees, the 
shear strain contours move toward the position of the circumscribing 
cylinder of rotation. Although torque measurements were not taken 
during this series of tests , i t  may be expected that fa ilu re , or max. 
shear resistance would occur a t approximately 15 degrees. This is 
based on large-scale tests using the instrumented vane in the same 
m ateria l.
By the time maximum torque is measured i t  can be seen that the 
maximum shear stresses exist on the c ircu lar arcs joining the vane 
tips in each quandrant.
The radial d istribution of shear strains occurs in a narrower 
band with increasing rotation which implies that by the time the 
maximum torque is measured the vastly s ignificant part of the strain  
energy exists on the vertical plane described by the circumscribing 
c irc le  of rotation joining the tips of the vane blades.
Fig. 3.52 shows a photographic prin t of a radiograph of a model 
vane rotated to 10 degrees in fin e , dense Leighton Buzzard sand. The 
lig h t zone of d ila ting  sand can be seen on the circumscribing c irc le  
joining the blade tip s , confirming the posi tion of the maximum shear 
stresses.
However in a ll cases the contours converge on the vane tip s , a 
property observed in the photo-elastic study (see Section 3 .6 ) , and 
the magnitude of the shear strains appear to decrease s lig h tly  towards 
the midpoint of the arc in each quadrant. This would suggest that the 
shearstressesaround the cylinder of rotation are not constant but vary 
across each quadrant. Donald et al (1977) suggested that this might 
be the case from the results of a f in ite  element study of the vane.
131
m m m
Wtm
132
FI
G
.3
.5
2:
 R
AD
IO
GR
AP
HI
C 
PR
IN
T 
OF 
A 
MO
DE
L 
VA
NE
 
RO
TA
TE
D 
TH
RO
UG
H 
10
° 
IN 
FIN
E 
SA
ND
.
3 .5 .2 . The diamond vane
Radiographs were taken of models of diamond vanes rotated in 
dense fine Leighton Buzzard sand. The same technique was adopted as 
in the study on rectangular shear vanes. The vanes studied included 
the 20°, 30°, 40°, 45°, 60° and 70° diamond vanes.
A coarser grid of lead shot was placed in the plane bisecting the 
vane normal to the axis of rotation. The vanes were subjected to 
incremental rotations and radiographs were taken of the model a fte r  
each increment.
The deflections o f the lead shot have been reproduced graphically 
in Appendix IV. The apex angle of the 20° diamond vane (140°) is 
s ign ifican tly  less c r it ic a l than the apex angle of the 70 degree 
diamond vane (40°) thus i t  is expected that i t  should create less 
non-planar distortion than the 70 degree vane. Although there is a 
tendency for the lead shot surrounding the 70 degree vane to deflect 
somewhat irregu larly  in a non-circular direction there is  no widespread 
disruption of the grid and the shear planes appear to extend to the 
circumscribing c irc le .
3.6 PHOTO-ELASTIC STUDY OF THE SHEAR VANE
3.6.1 Elastic shear strain distribution
In order to determine the d istribution of principle shear strains  
in a soil about a rectangular shear vane, a model stainless steel r ig id  
shear vane was cast into an e lastic  medium and subjected to a rotation  
mounted in a photo-elastic bench.
The fringes depicting contours of!principal shear strain are 
considered to be a reasonable simulation of the s tra in -f ie ld  in a 
saturated soil at small rotations of the vane for the following 
reasons:-
1. The material used (Eccogel 1265) is lin ear e lastic  with very Tow
creep properties and having a poissons ra tio  of 0 .5 . The
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properties of a saturated clay are considered to approximate 
this condition i f  i t  is subjected rapidly to small strains.
2. The photo-elastic model was cast around the centre of the vane
to a thickness of 10mm with the two sides parallel to each other.
The strains were radial in the plane of the model thus reducing 
the effec t of interference fringes due to strains in the axis 
normal to the plane of the model. The model was therefore 
subjectedto a twodimensional plane strain loading condition.
3 .6 .2  The photo-elastic material
The material chosen for the photo-elastic model was Eccogel 1265 
transparent epoxy gel. I t  is cast at a very low viscosity (600 cps) 
which allows i t  to easily impregnate components and awkward shaped 
boundaries of models. The adhesive properties of the material are 
high when the surface is treated with both decol and tricloroethylene.
A resin releasing agent with a silicone base is used on other surfaces 
to which i t  is not desired to adhere. The short A hardness a t room 
temperature is 25 but this increases to 28 i f  the material is cured at 
an elevated temperature greater than 100°C.
The gel was prepared by mixing Eccogel 1265 part A with an 
accelerator part B in the ratio  1:1 by weight. The liquid  was thoroughly 
mixed. The mixture may be evacuated i f  the a ir  bubbles do not expel 
themselves automatically. This procedure was not considered necessary. 
The model was cast and le f t  to cure at room temperature fo r 48 hours.
The model was then placed in a warm oven for four hours to ensure 
fina l curing of the compound.
3.6 .3 Results
Figs. 3.53(a) to ( f )  show the contours of principal shear stra in  
with increasing rotation of the vane. I t  can be seen that the shear 
stress distribution in each quadrant is approximately symmetrical about 
a l in e  a t 45° to e ither blade which bisects the quadrant. This 
would not be the case in saturated soil as a degree of separation 
would occur behind the vane blade. This can be seen in Fig. 3.50 where 
a model vane is rotated in dense dry fine Leighton Buzzard sand.
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(«> 3° ROTATION
Cb> 2° ROTATION
FIG 3,53! CONTOURS OF PRINCIPAL SHEAR STRAIN
AT VARIOUS ROTATIONS OF A RECTANGULAR 
VANE IN AM ISOTROPIC ELASTIC MEDIUM.
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<o5 4 °  ROTATION
<d> 8° ROTATION
FIG 3.53a CONTOURS OF PRINCIPAL SHEAR STRAIN
AT VARIOUS ROTATIONS OF A RECTANGULAR 
VANE IN AN ISOTROPIC ELASTIC MEDIUM.
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Ce> 8° ROTATION
( f )  10° ROTATION
FIG 3.53s CONTOURS OF PRINCIPAL SHEAR STRAIN
AT VARIOUS ROTATIONS OF A RECTANGULAR 
VANE IN AN ISOTROPIC ELASTIC MEDIUM.
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The growth of the shear strains may be seen clearly  starting at 
the vane blade tips and progressing towards the centre of the 
quadrant.
The direction of growth of principal [shear strains is not along 
the c irc le  of rotation at small rotations of the vane, but along a 
chord joining each blade t ip . The position of the maximum shear 
strains does move out rad ia lly  to a position approximately on the c irc le  
[circumscribed by the tip  of the vane blades at larger rotations.
Unlike the growth of shear stresses in the shear vane test in 
real s o il, when the maximum shear stress becomes concentrated on a thin  
band on the plane of fa ilu re , the growth of shear stresses in the 
photo-elastic model extends well within the solid of rotation between 
the vane blades.
The following observations may be made based on the photo-elastic 
study and the determination of shear strains by radiographic means:-
1. The growth of shear strains, therefore shear stresses, starts
at the blade tips and extends towards the centre o f the quadrant.
2. The development of shear stresses in each quadrant is 
approximately symmetrical about a line bisecting the quadrant 
but the shear stresses in front of the advancing blade t ip  are 
higher than those tra ilin g  the blade t ip . This is due to 
separation of the blade t ip  from the s o il.
3. The development of shear stresses takes place along a chord 
joining the blade tips at small rotations of the shear vane (less 
than 5°) but eventually the position of the maximum shear stress 
fa lls  on the circumscribing c irc le  of rotation. (Angle of 
rotation greater than 10°.)
4. Once the plane of fa ilu re  has been defined (See Fig 3.52) the 
maximum shear stress becomes concentrated on the plane of 
fa ilu re  with a sharp reduction of shear stresses on either side 
of the fa ilu re  plane (See Figs 3.49, 3.50 and 3 .51 .)
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3.7  MAJOR FACTORS AFFECTING THE INTERPRETATION OF THE SHEAR
VANE TEST
This chapter has considered the interpretation of the shear vane 
test from the in it ia l  assumptions proposed by Cadling and Odenstad 
(1950) to the present awareness of the various factors which in 
certain circumstances may influence the interpretation.
The main factors which are considered to be s ign ificant in th e ir  
influence on the shear vane test are:-
1. The e ffec t of the rate of loading and the time to testing a fte r  
insertion of the vane. *
2. The effect of progressive fa ilu re  on the blades of the shear 
vane during a tes t.
3. The effec t of strength anisotropy on the measured strength.
4. The mechanical disturbance caused by the penetration of the vane.
5. The distribution of the shear stresses on the blades and; stresses 
throughout the soil mass affected by the shear vane test.
Each of these factors have been discussed and for a few, 
specifica lly  the following,
1. the time e ffec t;
2. anisotropy;
3. shear stress distribution;
correction or conditioning factors have been presented which may 
be used to predict a more reasonable value of the maximum undrained
shear strength for use in the lim it s ta b ility  analyses.
The influence of loading rate and progressive fa ilu re  are discussed 
further in Chapters 5 and 6. The discussions in these chapters result
139
in the presentation of further conditioning factors to be applied to 
the interpretation of the shear vane test. The application of these 
factors is discussed in Chapter 7 where the East Brent t r ia l  
embankment is presented as an example.
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CHAPTER 4
4 field  TESTS ADJACENT TO THE SITE OF THE BRENT KNOLL TRIAL
EMBANKMENT ON THE M5 MOTORWAY, SOMERSET
4.1 THE TEST SITE
The test s ite  chosen to undertake the f ie ld  shear vane tests is 
at East Brent, Somerset, approximately 6.5 km north of Highbridge and 
300m west of the M5 motorway. All the shear vane, tests were done in 
pastureland adjacent to the Brent Knoll Rest Area serving the M5 
motorway t r a f f ic .  This s ite  was chosen for its  close proximity to the 
Brent Knoll Trial Embankment which was constructed in 1967 as part of 
the site  investigation programme for the proposed M5 motorway.
The behaviour of the embankment was monitored during construction, 
and subsequently was brought to fa ilu re . (Roy, 1975; Soil Mechanics 
Limited Report, 1968.)
In order to evaluate the influences of rate o f rotation on the 
results of the shear vane test i t  was necessary to eliminate as fa r as 
possible a ll other factors which would affect the results. The soft.: 
clays of the Somerset levels were fe l t  to be s u ffic ien tly  homogeneous 
to ensure repeatability of the shear vane tests.
4.2 GENERAL TOPOLOGY
The s ite  is situated on the a llu v ia l fla ts  known as the Somerset 
Levels. This is an area of f la t  pastureland with a surface elevation of 
approximately 6 m above ordinance datum leve l.
The area has experienced two main marine incursions. The f i r s t  
occurred approximately 8000 years ago, whilst there is  evidence that 
circa 250 AD the Somerset coastline v/as subjected to a rise in tid a l 
leve l. This caused great flooding of the area, which s t i l l  would be 
the case today had i t  not been for the efforts  to drain the area during 
medieval times and subsequent reclamation of land.
The deposition of flood plain a lluv ia l deposits in the coastal
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areas, where marine and estuarine influences have interacted, has 
protected the inland areas from further marine incursion. The drainage 
of the land was achieved prim arily by digging a network o f ditches, 
or rhynes, around fie lds which eventually drained into the Brue and 
Huntspill rivers and the Kings Sedqemoor Drain, (see lo c a lity  map.)
(Roy, 1975). These ditches, some 2m deep, form natural boundaries and 
have eliminated the necessity to plant hedgerows.
The rivers , in an attempt to make th e ir way to the coast through 
these natural and a r t i f ic ia l  barriers, have frequently changed courses.
The abandoned river beds have become rapidly f i l le d  with more recent 
sediments and are not apparent on the surface. These muds have 
consequently undergone very l i t t l e  consolidation (Kidson & Heyworth, 
1976).
4.3 GEOLOGY OF THE AREA
The Somerset Levels a lluv ia l deposits were la id  down in two major 
depositions (Green and Welsh, 1965) and are formed of Pleistocene to 
Recent estuarine a lluv ia l sediments.
The original deposition took place approximately 7000 BP when the 
sea rose rapidly a fte r the Devensian glaciation. There was su ffic ien t 
material available to enable sedimentation to keep pace with the rising  
sea leve l. In i t ia l ly  sandy then la te r  grey estuarine clay was deposited. 
Fig. 4.1 shows the area in which marine influence on sedimentation was 
operating at that time.
Following the Devensian, (approximately 9000 BP) birch forests 
colonised the valleys. With the rise of the sea and formation of peat, 
these dried o ff and have been preserved in peat beds.
The accumulation and deposition of sands and clays continued with 
the rise in sea-level as the sea encroached further inland. (See 
Fig. 4 .2 ).
The marine influence began to retreat approximately 6000 BC, by 
which time a ll the valleys had been in f il le d  by clays of more estuarine 
or freshwater orig in .
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FIG. 4.1
AFTER KIDSON AND 
HEYWORTHJ976)
THE SHADED AREA IN 
THE VALLEYS SHOWS TH 
EXTENT OF MARINE 
INFLUENCE IN THE LEVELS 
AT VARIOUS DATES. THIS. 
INCLUDES THE ZONE IN 
WHICH PEATS WERE 
FORMED AT- A SEA-LEVEL 
DETERMINED WATER- 
TABLE.
The extensive clay surface, then at about ordnance datum le v e l, 
became colonised by oak and pine forests. This vegetation was again 
killed  o ff by poor drainage and peat accumulation. This formed the O.D. 
peat layer. From 6000 BP to 5000 BP sedimentation reduced the influence 
of sea and the subsequent clay deposits were largely o f flood plain  
a lluv ia l orig in.
The second major marine incursion at approximately 250 AD resulted 
in the deposition of a blue-grey estuarine clay about 4.25m thick over 
the peat with a level surface at between 5.5m and 6.0m above O.D. le v e l. 
This clay is sometimes referred to as the Romano Clay (Roy, 1975).
Scanning electron micrographs show evidence of marine l i f e  and 
root fibres in the clay. Fig 4.3 and Fig. 4.4 are micrographs of clay
9000  BP
E3 OVER 15m
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specimens taken at 3.8m from B.H.W. The rootlets and marine shell may 
be seen clearly .
The majority of shear vane tests were done at a depth of 3.8m 
which is approximately 300m above the O.D. peat, in the blue-grey 
estuarine clay.
THE SHADED AREA IN 
THE VALLEYS SHOWS THE 
EXTENT OF MARINE 
INFLUENCE IN THE LEVELS 
AT VARIOUS DATES. THIS 
INCLUDES THE ZONE IN 
WHICH PEATS WERE 
FORMED AT A SEA-LEVEL 
DETERMINED WATER- 
TABLE.
FIG. 4 .2
(AFTER KIDSON AND 
HEYW0RTH.1976)
4.4 ENGINEERING PROPERTIES OF THE SOMERSET LEVELS CLAY
A typical borehole log is shown in Fig. 4.5 (Roy, 1975) whilst a 
characteristic geotechnical p ro file  of the material found in the East 
Brent area is shown in Fig. 4 .6 . The moisture contents of the clays 
vary between 25% to 85% with an average of 40% - 50% and from 110% to 360% 
for the peat.
8000 B P
E23 OVER 15m
FIG 4 .3  : ELECTRON MICROGRAPH OF BRENT KNOLL CLAY AT 
3.5m SHOWING EVIDENCE OF VEGETATION.
(mag. 20000 X)
FIG  4 . 4  S ELECTRON MICROGRAPH OF BRENT KNOLL CLAY AT 
3 . 5m. THE SKELETAL STRUCTURE IN THE CENTRE 
IS  THE REMAINS OF A MICROSCOPIC MARINE 
ANIMAL, (mag. 20000  X)
145
Desiccated 
crust
Alluvium
Lower lias
xxxxxxxx
vV
vk v-V
-M
x x x x
X  X  X  X
Y K
X  X  X  X
—  X
x—
—X
—X
w
________X
9<"_7JTv
X __________
vk"”  "vV
 X
VK YV'
y< >YVY
i \ rni " m
». L--i:
i i i
5 S
Ground level- 4 *43/77 above O.D.
1-68
Firm brown and grey mottled CLAY with a little 
silt becoming softer and more grey with depth. 
Soft to firm light grey CLAY with a little silt, with 
particles of organic matter, fine white rootlets 
and small root holes.
Compact black partially decomposed fibrous silt.
Soft light grey CLAY with a little silt. Texture 
crumbly, fine white rootlets, remains of reed 
stems. Many small (1 /2  m m 01  holes.
3-28
4-28
6-80
11-20
16-10
xzm_
2M0
2k02_
25-1*0
Soft mid-grey CLAY with some silt. Silting 
partings approx. 1mm thick in bands of 4 or 5  
about 2 5 m m - 100mm apart. A few peaty 
remains. A few vertical holes 1mm diam.
Soft to firm dark grey CLAY with occasional 
laminations of fine sand and partings of silt 
and fine sand. Laminations up to 3/4/77/77 
thick spacing 12mm - 150mm. Partings, 
dimensions as above. Vertical holes 1mm 0.
Compact black fibrous PEAT.
Firm silty CLAY and silty fine SAND in lenses
Loose to medium dense light grey silty fine SAND.
Compact black woody PEAT.
Stiff dark grey CLAY with a little woody PEAT. 
26-20 Very strong grey silty argillaceous LIMESTONE.
Weak becoming medium strong with depth 
• calcitic fissile SHALE, paper thin in parts 
with bands of very strong argillaceous 
LIMESTONE ( apparent dip^ 5 ° )
29*90
FIG.4. 5. TYPICAL BOREHOLE LOG. BOREHOLE B211/27.( AFTER ROY,1975)
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0
Moisture content %
10 20 30 40 50 60 70 80
Ground level 6 02m above O.D.
Z
vV-
vV
vV-
w
W-
>v
A AV 
>4 ^
«
>K
>S
>K
//A \y /X ^ /7 7
Stiff brown mottled CLAY 
with a little silt and 
rootlets, becoming softer 
with depth.
7-50
Firm light brown CLAY 
with mottled grey lenses,pea 
2,25 traces and small root holes.
Light grey to dark grey 
CLAY with small root holes 
and silty lam inations.
3-00
Light to dark grey CLAY 
with traces of fibrous 
roots, reed stems and 
black organic water.
4-78
Compact black fibrous 
PEAT
5-5
.Qn Light grey silty CLAY5-90
Light grey silty CLAY 
with traces of black 
fibrous rootlets.
7-25
Light grey CLAY with 
black decomposed rootlets
8-00
FIG. 4 . 7 :  BOREHOLE LOG -  BOREHOLE W 
148
A typical borehole log of the East Brent Clay is shown in Fig. 4.7  
(Borehole W to 8 n ) .  I t  may be seen that the East Brent Clay is of 
medium to high p las tic ity  with plastic lim its  varying between 21% and 33% 
with an average of 26% and liquid  lim its  varying between 57% and 79% 
with an average of 63%. The peat samples showed an average moisture 
content of 380%.
The lim its  of the clay when plotted fa l l  close to and above the 
Casagrande A -lin e , by which defin ition they are inorganic clays of 
medium to high p la s tic ity . (See Fig. 4 .8 ). Roy f T975) determined that 
the clay is s lig h tly  overconsolidated with an O.C.R. of approximately 1.5.
The liq u id ity  index o f the clay varies between -0.16 to 0.75 with 
an average of 0.36. Roy (1975), from shear strength determinations in 
the laboratory, found values of c' = 0 and <f>' -  32?.
4.5 THE BRENT KNOLL TRIAL EMBANKMENT
Constructed in 1967, the behaviour of the Brent Knoll t r ia l  
embankment has been well documented. (Roy, 1975; Soil Mechanics Limited 
Report, 1968; Simons, 1976; Menzies and Simons, 1977). From th is there 
emerged su ffic ien t data to permit a total stress back-analysis of the 
fa iled  embankment. There was enough information on the engineering 
properties of the foundation clay to make a reasonable assessment of 
the v a ria b ility  of the clay in the region of the fa iled  embankment.
This site  was regarded therefore as ideal on which tests to 
investigate the influence of testing rate on vane shear strength might be 
carried out as the influence could be related d irec tly  to the 
performance of the East Brent t r ia l  embankment.
4.6 FIELD RESEARCH PROGRAMME -  CONTROLLED SHEAR VANE TESTS
4.6.1 Object of f ie ld  shear vane tests
The object of the fie ld  research programme was to undertake strain
and torque-controlled shear vane tests at constant depth. An assessment
would also be made of the influence of consolidation on the vane prior
to the commencement of a tes t.
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Samples would be taken to determine the properties of the clay in 
the laboratory.
This section w ill deal with the ethos behind the research programme, 
the way in which each part of i t  was accomplished and the problems 
that were faced on s ite .
A commercially available shear vane torque head was modified (see 
Appendix I).-for-th is  purpose. A specially designed shear vane test 
process controller was programmed to control the tests.
Vane tests using diamond vanes (See Fig. 4.11) were done in 
conjunction with the main testing programme. These tests were done using 
a MHH modified torque wrench. I t  was the intention to assess the degree 
of anisotropy of the clay at various depths.
4.6 .2. Consolidated and unconsolidated tests
In this context "consolidated" means the process of pore pressure 
dissipation in the region of the vane blades a fte r the shear vane has 
been pressed into the ground. There is evidence that i f  a period of 
delay is allowed a fte r the vane is pressed into the ground, prior to 
testing, an increase in shear strength is measured. (Aas, 1965.)
A series of control tests was formulated to determine the influence 
of length of consolidation time on the measured shear strength in a test 
carried out at l°/m in . (See Table 4 .1 ).
The consolidation times considered were:-
Test Type 1 : 0 hours
Test Type 2 : 1 hour
Test Type 3 : 10 hours
Test Type 4 : 73 hours.
With the time available i t  was possible only to do two tests each 
of types 1, 2 and 3 and one test of type 4. (See Fig. 4.9)
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Fig. 4.8 — Plasticity Chart oF samples From Borehole W, East Brent.
4 .6 .3  Rotation controlled tests
The rotation rate controlled tests were done at the following 
rates (See Table 4 .1 ) : -
Test Type 5 : 1°/min (x 3 tests)
Test Type 6 : 0.6°/min (x 4 tests)
Test Type 7 : 0.06°/min (x 3 tests)
Test Type 8 : 0.006°/min (x 2 tests)
Although i t  was the intention to monitor the torque-rotation  
relationship for each test until the residual strength of the material 
was being measured, only the faster tests were allowed to continue past 
peak torque. This lim ita tion  was due to the time constraints on the 
f ie ld  test programme.
The influence of changing the rotation rate in the shear vane 
test on two main characteristics of the material was investigated. The
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LIST OF TEST TYPES AND THEIR NUMBERS CORRESPONDING TO THE TEST PROGRAM.
TEST. TEST No.
U/C “ ldeg/min S/C. 1A, IB.
lhnC — ldeg/min S/C 2A. 2B.
10hnC — . ldeg/min S/C 3A, 3B.
100hnC — ldeg/min S/C 4A.
2hnC ~ 1 deg/min S/C. 5A, 5B, 5C.
2hnC — 0. 6 deg/min S/C. 6A, 6B. 6C, 6D.
2hnC -  0. 06 deg/min S/C. 7A, 7B. 7C.
2hnC ~ 0. 006 deg/min S/C. . 8A, 8B, 8C.
2hnC - 2. 7 N. M. /rnin T/C. 9A, 9B,
2hnC ~ 0.27 N. M. /min T/C. 10A, 10B, 10C.
2hnC - 0.027 N. M./min T/C. 11 A, 11B.
Constant Tongue
2hnC — 6 deg/min S/C.
2hnC “ Dummy nod
U/C “ Unconsolidated.
C ~ Consolidated.
S/C •“ Stnain ~ contnol led.
T/C “ Tongue ~ oontnolled.
TEST WEEK 1 WEEK 2 WEEK 3 WEEK 4 WEEK 5
M
10A
10B
IOC
11A
CONST T.
FIG. U.9 : BAR-CHART OF TEST PROGRAM -  EAST BRENT. AUGUST, 1979.
152
characteristics are:
1. The shear strength of the clay.
2. The torque-rotation relationship of the clay prior to fa ilu re .
4.6 .4  Torque-controlled tests
The torque-controlled tests were done at the following rates of 
torque increase:
Test Type 9 : 2.7 NrM/min (x 3 tests)
Test Type 10 : 0.27 N-M/min (x 3 tests)
Test Type 11 : 0.027 N-M/min (x 1 test)
As in the rotation-rate controlled tests, the influence of 
changing the rate of increase in torque was investigated with regard to
1. Shear strength of the clay.
2. The torque-rotation relationship of the clay prior to fa ilu re .
Although the conventional method of carrying out shear vane tests 
is to bring the clay to fa ilu re  at a constant rate of rotation , i t  was 
speculated that a more accurate way of simulating the sequence of 
construction and subsequent fa ilu re  of a prototype embankment, was to 
test the clay under a condition of constant rate of loading.
4.6.5 Constant torque test
Aas (1967) submitted that a clay would fa i l  at a given stress level 
lower than the fa ilu re  stress le v e l, i f  i t  was subjected to that stress 
level fo r su ffic ien t time. (See Fig. 4 .10).
I t  was the intention to carry out a constant torque test in three 
stages by loading the clay to the following shear stress levels:
0.50 Su
0.75 Su
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- 0.875 Su
where Su = undrained shear strength as measured 
by the vane
and to observe the rotation time relationship at constant torque. This 
was seen as an indirect measure of the creep properties of the clay.
Time-deformation curves
0
5
10
no-
o  25
Failure
30
Time in hours
FIG. 4.10. TYPICAL RESULTS FROM A DRAINED VANE TEST LIERSTRANDA 
TEST SITE, VANE H /D  = 65/130, DEPTH 9  Om. {AFTER A AS,1965)
4.6.6 Site accommodation
A period of five  weeks was spent on s ite . During th is time a 
to tal number of 75 shear vane tests was done using both the rectangular 
and diamond vanes (See Fig. 4 .11).
A portable s ite  office and an instrument hut were provided to 
protect the personnel and the shear vane equipment respectively from
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FIG 4. 11 s RECTANGULAR AND DIAMOND SHEAR VANES
FIG 4. 12 s DRILLING RIG IN OPERATION.
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weather. The instrument hut measured 2.4m x 1.8m, with a window 
and a standard sized door. I t  was possible to lock the door and cover 
the window with a wooden board, as a means of securing the equipment.
The instrument hut rested on wooden runners and had a suspended 
wooden flo or. Two holes o f size 100mm x 300mm were made in the floor  
in order to allow the vane to pass through. A nylon rope was secured 
to both ends of the instrument hut to enable i t  to be towed to each 
test station. On a number of occasions during the five week period 
heavy ra in fa lls  were experienced. The hut developed two leaks but
these in no way a f fected the operation of the equipment.
As the test site was in a fie ld  used regularly as grazing land, an 
e le c tr ifie d  fence was erected around the area.
4.7 TEST PROCEDURE
4.7.1 D rillin g  of boreholes
The boreholes for the shear vane tests using the conventional 
rectangular vane (70mm x 140mm), were d rille d  with a Craelias 
petrol driven d r illin g  rig  using 75mm diameter f l ig h t  augers. The d r illin g  
rig  was levelled using wooden wedges and a s p ir it  leve l, and then secured
to the ground by two large metal pins. See Fig. 4.12.
The d r illin g  rig  was safely operated by two men. The d r i l l  head 
was controlled by one operator whilst the other f it te d  the d r i l l  string  
and cleaned the hole. This procedure ensured that a clean, straight 
hole was augered in a reasonably short d r illin g  time. The average time 
to d r i l l  to a depth of 3.5m was 30 minutes.
4 .7 .2  Sampling
Samples were taken at 3.5m depth using an open drive sampler in 
accordance with Hvorslev (1949). Unfortunately samples were not taken 
before every test as there was a period when sampling tubes were not 
available. After extraction from the ground the samples were 
immediately extruded into moisture content tins . The sampling tubes 
were then re-used. Although care was taken to prevent the sampling tubes from 
rusting, with time the surfaces disintegrated to such an extent that they could no
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longer be used. All samples were sealed in the moisture content tins by means 
of insulation tape and wax. The sampling tubes were sealed using wax 
and aluminium fo i l .  This procedure was done in accordance with B.S.2001 
& Horslev (1949). The samples were then stored in a cool, dry part of 
the s ite  o ffic e , prior to being transported to the soils laboratory at 
the University o f Surrey for analysis.
The samples were taken by pressing a greased sampling tube, 
attached to a length of rod, into the base of the borehole. This was 
done immediately a fte r the d r i l l  was removed from its  d r illin g  position 
and the hole cleaned. (See Fig. 4 .13 .) Water was not allowed to 
accumulate at the bottom of the borehole. Once the sampling tube had 
been extracted from the borehole and removed from the d r illin g  rod, the 
loose, very soft material at the top of the tube was carefu lly  removed 
and any excess moisture allowed to drain o ff  b r ie fly  prior to the 
sample being sealed.
4 .7 .3  Moving equipment
As a ll the equipment operated inside the instrument hut (F ig . 4.14) 
and the hut was too small to accommodate the d r i l l ,  the hut had to be 
moved over the borehole a fte r i t  had been d rille d . This was achieved 
in i t ia l ly  by towing i t  carefully with a car. During the la t te r  part of 
the period on site  a winch on a Landrover was used to tow i t .  A ll 
sensitive equipment was removed from the instrument hut w hilst i t  was 
being moved. As only two re la tive ly  small holes were made in the wooden 
floor to accommodate the vane rods, the hut had to be moved with great 
care to ensure the coincidence of the hole in the floor and the borehole. 
To prevent i t  from becoming contaminated, the borehole was covered a fte r  
the sample had been taken until the hut was placed in position.
4 .7 .4  Setting up equipment
4 .7 .4 .(a) Site layout
The s ite  layout is shown schematically in Fig. 4.15. The
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FIG 4. 13 : 80mm DIAMETER BOREHOLE PREPARED FOR A 
SHEAR VANE TEST.
FIG 4. 14 s ARRANGEMENT OF THE TEST EQUIPMENT INSIDE 
THE INSTRUMENT HUT.
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positioning of the boreholes was based on three factors:
i )  The boreholes and working area were to be conveniently accessible
from the approach road.
i i )  The ground surface was to be re la tive ly  level to fa c il ita te  moving
the hut and setting up the equipment.
i i i )  The layout of the boreholes should not be affected by the
proximity of the rhyne.
I t  can be seen in Fig. 4.15 that the boreholes were d r ille d  in three rows 
at approximately 1.8m centres. Subsequent measurement o f the water 
table depths (Table 4.2) showed that the ground water table over the 
region of the boreholes was approximately leve l.
I t  was found that the elevation of the O.D. peat bed was s lig h tly  
higher to the north of the s ite . For this reason the boreholes were 
concentrated more toward the south end of the s ite . I t  was found too 
that the shear strength readings were more consistent on the south end 
of the s ite .
When the instrument hut was in i t ia l ly  placed on s ite , i t  was 
situated with its  door and window facing East. This was fortuitous  
as the inclement weather during the period on site approached from the 
west. This enabled testing to continue and access to the instruments 
during heavy rain without any adverse effect on the equipment.
4 .7 .4 .(b) Equipment layout
The layout of the equipment in the instrument hut is shown 
schematically in Fig. 4.16 and photographically in F ig .4.14 . As the 
d r illin g  of the boreholes proceeded in two directions, i t  was convenient 
to have two positions where the shear vane may be mounted in the hut. 
This cut down excessive movement of the instrument hut.
In Fig. 4.16 i t  can be seen that the two positions for the shear 
vane equipment were in diagonal corners away from the door. The process
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FIG A.16: SCHEMATIC LAYOUT OF THE EQUIPMENT IN THE INSTRUMENT HUT.
TAELE A .2 LIST OF BOREHOLES AND LEVELS.
BOREHOLE TEST GROUND
LEVEL
GROUND
WATER
LEVEL
VANE
TEST
LEVEL
BOREHOLE TEST GROUND
LEVEL
GROUND
WATER
LEVEL
VANE
TEST
LEVEL
1 3A
m
6.051
m.
5.130
m
2.651 2 1A
m.
6.073
m.
5.122
m.
A .058
3 3B 6.052 5.089 1.852 4 5A 6.0A7 5.095 1.8A7
5 AA 6.062 5.08A 1.862 6 2B 6.050 5.100 2.270
7 2 A 6.0A3 5.095 2.263 8 5B 6.0A2 5.105 2.262
9 6A 6.039 5.100 2.239 10 IB 6.0A8 5.09A 2.2A8
11 6E 6.05A 5.08A 2.25A 12 9B 6,022 5.100 2.222
13 10A 6.022 5.120 2.272 1A 7P 6.020 5.072 2.220
15 5C 6.019 5.081 2.219 16 7A 6.022 5.120 2.282
17 6C 6.032 5.120 2.282 18 8C 6.060 5.117 2.280
19 STD TEST 6.0A8 5.130 2.2A8 20 11A 6.050 5.089 2.250
21 CONST T . 6.028 5.095 2.2A8 22 8B 6.025 5.101 2.225
23 10B 6.018 5.108 2.218 2A 10C 6.021 5.097 2.221
25 DUMMY 6.015 5.102 2.265 26 11B 6.018 5.109 2.218
27 9A 6.020 5.098 2.210 . 28 7C 6.025 5.10A 2.225
29 8A 6.019 5.110 2.269
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controller was placed on the table with the clock. The data logger was 
placed close to the floor (raised by 25 mm wooden blocks) on the le f t  
hand side of the door, whilst the two 72 Amp. hr. batteries and 
inverter were placed on the right hand side. This arrangement enabled 
the data logger to be read and the batteries to be changed from outside 
the instrument hut, thus eliminating any chance of disturbing the 
calibration of the equipment. During the long term tests, however, i t  
was necessary on occasion to adjust the ramp rate on the process 
contro ller. The controller was then approached by stepping into the 
alternative hole cut for the shear vane rods and not onto the wooden 
flo o r. This system worked very successfully. The regular nature of 
the torque-rotation curves of the tests is evidence of th is . (See 
Appendix V .)
An avometer was kept to hand next to the data logger in the event 
of a data logger malfunction. The avometer could be coupled into the 
terminals from the process controller to read the analogue signal 
d irec tly . This method was also used to check the calibration of the 
d ig ita l output during the tes t. The data logger malfunctioned on two 
occasions, necessitating the use of the avometer to monitor the output 
from the process controller. This resulted in a s light loss of 
resolution, the effects of which are discussed in Chapter 5.
4 .7 .4 .(c ) Insta lling  the vane and torque head
Once the borehole had been d rille d  to depth, the sampling completed 
and the hut moved over the hole the shear vane was carefully lowered 
down the hole. This was done in two stages as there was only 
su ffic ien t clearance in the hut for a 2m length of vane rod.
Care was exercised in preventing borehole shavings from 
contaminating the bottom of the hole and from adhering to the sides of 
the vane blades. Once the vane was lowered to the borehole base, i t  was 
pressed down to the test level by clamping Stilson adjustable spanners 
to the exposed rod and applying the constant force of two body-weights.
For tests 3A and 1A, i t  was necessary to beat the vane into the 
ground to reach the test depth. I t  was found, when the vane was
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subsequently removed from the ground, that i t  had been beaten into the 
peat layer. The shear strength readings for those two tests were 
42.4 Kpa and 57.2 Kpa respectively. I t  was fe l t  that by beating the 
vane into the ground, excessive disturbance of the material would result 
and no control over the v e rtic a lity  of the vane could be guaranteed.
For a ll subsequent tests the vane was pressed into the ground. As a 
rough measure, the difference in e ffo rt required to press the vane into 
the ground in each case could be related to the re lative  consistency of 
the clay.
The vane rods were joined by means of a slotted quick coupler 
which was covered by a metal sleeve (see Fig. 4 .17). This enabled the 
rods to be coupled and uncoupled rapidly and reduced the chance of the 
jo in t binding i f  the shear vane instrument was not correctly laligned)
Sprung locating clip
Sliding cover
Hardened steel cap
Joint
Vane rod
(not to s<___
Fixed  locating pin
FIG 4.17: VANE ROD COUPLER ( LEONARD FARNELL)
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with the rods in the ground. The main disadvantage of th is method was 
the slack which had to be taken up prior to the test commencing. This 
is discussed in Chapter 5.
Once the vane had been pressed to the correct depth the stand and 
torque head were placed in position, and adjusted to stand at the 
correct height, The motor was f it te d  to the worm gear drive and the leads 
from the torque monitoring linear variable displacement transducer, 
the motor and tachogenerator plugged into the process-controller.
The data-logger was placed in position and plugged into the process- 
controller. The batteries were connected in parallel and to the inverter.
The equipment required approximately 30 minutes to s tab ilise .
During this time the torque monitoring LVDT was calibrated by clamping 
the vane rod below the torque head by means of a dummy rod and large 
torque wrench. As the LVDT was mounted in parallel to the dial gauge 
(See Appendix I )  which had previously been calibrated in the laboratory, 
a reading on the dial gauge could be related d irectly  to an output 
signal from the LVDT. A torque of 100 N-M was applied and the d ig ita l 
output on the process-controller scaled. The analogue signal to the 
data-logger was independent of the d ig ita l output on the process- 
controller. I t  was found that during the entire period on s ite  the 
analogue signal to the data-logger did not d r i f t  more than 0.1% of fu ll  
scale. (240 N-M)(±0.1 Kpa) (For calibration technique in the laboratory 
see Appendix I . )
Once the process-controller had been calibrated, the torque-head 
was carefully f it te d  to the vane rods in the ground. The stand was 
levelled using wide wooden wedges and secured to the floor by 100 mm 
nails . At this point the instrument hut was vacated and the 
consolidation period allowed to continue. No further adjustment was 
required on the torque-head, since the progress of the test was controlled 
automatically from the process-controller.
When the test was required to s ta rt, the ramp signal, motor and 
data-logger were switched on.
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4 .7 .5  Supervision during the te s ts
During the tests a manual record was kept o f the time-torque- 
rotation relationships. This was not possible during the night on the 
long term tests. The dial gauge reading was noted along with the 
signal to the data-logger. I f  there was any d r i f t ,  the signal could 
be rescaled during the test by turning a potentiometer on the panel of 
the process-controller. This was found to be necessary on only one 
occasion.
The ramp signal from the process-controller was very accurate for 
the faster rates of rotation (l°/m in -  0.06°/m in). A s lig h t adjustment 
was required on 4 occasions during the slow tests (0.006°/m in). From 
the rotation-time graphs i t  can be seen that th is technique did not 
cause a noticeable change in rotation rate , but merely conditioned the 
ramp function to maintain the correct rotation rate .
4 .7 .6 . Data-logging
A Solartron Compact 3430 data-logger with a paper p rin t-ou t, was 
used to log a ll data during the vane tests. The main advantages of the 
instrument were that i t  contained its  own power source and i t  was 
easily portable. The excitation voltage to the transducers, however, 
was supplied by the process-controller.
The data-logger recorded the following data:
1. Time.
2. Rotation of the torque head.
3. Rotation of the vane blades.
4. Torque measured by the torque head.
The signal from the process-controller was scaled to give the 
following relationships between signal and physical measurement
Channel Scale Measurement
00 10mV/ degree rotation Head Rotation
01 10mV/ degree rotation Vane Rotation
02 20mV/ N-M Torque
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I t  was possible to,adjust the scan interval to whatever period was 
convenient. Whilst the data-logger was not in operation an internal 
clock maintained the correct time. This clock continued running on 
small ancilla ry  batteries whilst the main data-logger batteries were 
being recharged.
This system of time keeping was very convenient as the correct 
date and time were set when the fie ld  work started and maintained 
throughout the period on s ite . An accurate record of date and time of 
testing has been kept consequently.
4 .8 TEST SEQUENCE
4.8.1 Overall program
During August 1979, 30 shear vane tests controlled by the process- 
controller were done in apparently homogeneous blue Somerset Clay.
The test types and numbers are given in Table 4 .1 , whilst the final 
overall program is given in bar chart form in Fig. 4.18. The decision 
on the sequence of tests was based on the following factors:-
i )  I t  was necessary to determine f i r s t  the effect of the 
consolidation time on the shear strength of the clay in order to 
set a standard time for a ll subsequent tests.
i i )  Although the data available suggested that the clay was 
homogeneous to at least 4.5 m below surface lev e l, the exact 
position of the peat layer was unknown. The equipment available  
to determine the depth of the peat layer consisted of a Minuteman 
auger and a shear vane. The thin walled sampling tubes did not 
give an accurate indication of any change in the material layer 
below the base of the borehole as the disturbance due to the 
auger was too great. I t  was suspected that this e ffec t would lead 
to spurious moisture content determinations on samples retrieved  
in this manner.
i i i )  ' As the test durations varied between 120 minutes and 36 hours, 
i t  was imperative that the equipment was in use at a ll  times.
This would require a new borehole to be sunk immediately on
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FIG. U.18: UPDATED BAR CHART OF TEST PROGRAM -  EAST BRENT,AUGUST, 1979
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FIG 4.19: DRAWING OF WINCH USED TO EXTRACT THE VANE
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completion of a tes t. The program was drawn up to ensure that 
a ll available time was used e ffic ie n tly .
Independent of the process-controlled shear vane tests , a series 
of hand-controlled shear vane tests at various depths was undertaken 
using the diamond vanes. The positions of these tests are shown in 
Fig. 4.15 with subscript D. The tests were done at approximately 500 mm 
intervals to a depth of 4.5 metres. Thereafter the tests were done 
at 1 metre centres. Only one test was done in the peat layer. In order 
to assess the variation in strength with the direction o f fa ilu re  plane,
4 d ifferen t shear.vanes were used. They were i )  standard rectangular 
vane; i i )  20° vane; i i i )  45° vane; iv ) 60° vane. The p ro file  of 
shear strength with depth is  shown in Appendix I .  The implications o f  
this p ro file  are discussed in Chapter 5.
4.8 .2 Consolidation time
Based on the analysis of the data derived from Tests 1 to 4 (see 
Table 4.1) i t  was decided to allow the clay to consolidate for 2 hours 
prior to the commencement of the te s t. (See Chapter 5 .)
4 .8 .3  Consolidated-strain-control1ed tests
For the sake of convenience the term "strain-controlled" w ill be 
used to denote "rotation-rate controlled" in this chapter.
The strain-controlled tests were sim ilar in nature to the tests 
carried out by Wiese! (1973) and Perlow & Richards (1977). Aas (1965) 
attempted slow shear vane tests , but these were in point of fac t stress 
or torque controlled as the load was incremented rather than the 
rotation of the blades.
The rotation rates studied in this test program ranged from l°/m in  
to 0.006°/min which was substantially slower than the rotation rates 
investigated by any of the above researchers. The question then arose 
whether the slower (0.006°/min) strain-controlled tests done in th is  
test program were drained or undrained. Aas (1965) attempted, by slow 
increments of torque, to dissipate any build up of pore water pressure 
during the slow shear vane tests. Wiesel (1973) and Perlow & Richards (1977)
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did not mention the effec t of fu ll or partial drainage during the tes t.
In discussion on Perlow & Richards (1977), Blight (1977) submitted that 
the effect of drainage was a function of the Cv o f the material and by 
incorporating this factor into a time factor this phenomenon could be 
accounted for.
Of specific interest was the torque-rotation relationship of the 
clay prior to fa ilu re  for a ll  the tests. For this reason the slack in 
the rods prior to the test starting was not taken up in the faster 
tests. The zero point could be assessed by extrapolating back a linear  
regression line of the f i r s t  part of the torque-rotation curve 
to a zero value of torque. This became im practical,
however, for the slower tests as the take up in each test was in the 
order o f 10°. At a rotation rate of 0.006°/min, this necessitated a 
time of approximately 27 hours merely to apply a torque to the vane 
i t s e l f .  The resultant torque-rotation curves for the adjusted tests 
shov/ed no apparent variation from the curves of the non-adjusted tests.
In order to take up the slack the process-controller was set on 
constant torque mode and the constant torque level set to 2 N-M. The 
motor then drove the vane to hold a constant torque of 2 N-M. At this  
point the test was stopped and the process controller reset to zero.
The mode was changed to rotation rate control and the test, restarted.
I f  there were no further slack in the system the torque-rotation curve 
would commence at 0° rotation, 2 N-M torque. This required very l i t t l e  
adjustment to zero the curve.
The analysis o f the data derived from these tests is discussed 
in Chapter 5.
4 .8 .4  Consolidated-torque-controlled tests
As opposed to the torque-controlled tests attempted by Aas (1965) 
where the torque was applied in f in ite  increments, the tests carried 
out during this program were subjected to continuous torque increases 
controlled by an electronic process-controller. As described in 
Appendix I ,  the process-controller was programmed to increase a reference 
signal at a given rate. This reference signal was matched against a feed
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back signal from the LVDT monitoring the applied torque. The process- 
contro ller, via the motor, then would retard or advance the torque head. 
The clay was therefore subjected to a constant increase in torque. (See 
Chapter 5 and Appendix I . )
Prior to the fie ld  test program, l i t t l e  was known of the torque- 
rotation relationship of the Brent Knoll Clay. Assessments were made 
using Cadling and Odenstad's (1950) relationship between shear modulus 
and the shear stress/angle of rotation relationship, but this was not 
satisfactory.
The maximum rate of angular rotation available on the shear vane 
tester driven by the motor was 0.999°/min. I f  a rate of torque increase 
was chosen which required the motor to exceed 0.999°/min on the vane, 
the torque increase rate would not be realized. For this reason a ll of 
the strain-controlled tests were completed prior to starting the torque- 
controlled tests. By this stage i t  was found that the torque-rotation 
relationship remained fa ir ly  constant even though the rotation rate was 
altered rad ica lly . The rates of increase in torque chosen for the series 
of tests are shown in Table 4.1.
Unlike the strain-controlled tests, i t  was not necessary to take 
up the slack in the rods prior to testing. As the torque reference 
signal increased lin early  with time from the s ta rt o f the test the motor 
would drive the system to match the reference signal in i t ia l ly  and then 
continue the test normally.
The analysis of the data derived from these tests is presented in 
Chapter 5.
4 .8 .5 Consolidated-constant torque test
The object of this test was to determine the behaviour o f the 
clay at constant torque levels which approached the maximum torque.
In an attempt to approximate the loading sequence of Aas (1965), the
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torque was applied in three stages:-
Torque Period torque was held
20 N.M 
28 N.M 
35 N.M
6 Hrs 35 mins
7 Hrs 57 mins 
±2 Hrs 30 mins
The process-controller was set on constant torque mode a fte r the 
test had been set up and allowed to consolidate for 2 hours. The motor 
and data-logger were activated and the motor drove the torque head to 
a constant torque of 20 N-M at l°/m in rotation rate. This process was 
repeated when the torque was increased to 28 N-M and 35 N-M.
4.8.6 Removal of the vane and vane rods
After the conclusion of each test the equipment was dismantled 
and the process-controller and data-logger were removed to the site  
office for safe keeping. The motor was removed from the torque head 
and stored in the site o ffice . The torque head was then disengaged from 
the vane rods and taken out of the stand. Care was taken not to disturb 
the LVDT-dial gauge arrangement for the measurement of torque on the 
torque-head. As the dial gauge and LVDT had been mechanically calibrated  
in the laboratory i t  was seen as imperative to maintain the mechanical 
adjustment. Any recalibration which might be required in the f ie ld  
would be electronic and would be achieved with re la tive  ease.
The lim ited space in the instrument hut necessitated the use of a
small mechanical arrangement with a high mechanical advantage to remove 
the vane and rods from the ground.
Fig 4.19 shows the rod winch which was designed specially to 
remove the rods. The winch f it te d  into the frame which carried the torque 
head. A bolt protruded from the winch shaft, around which a nylon
rope was fastened. The rope was slipped over the rods and tightened. I t
was found that this system successfully removed the rods.
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4.9 LABORATORY TESTS
Samples taken in the f ie ld  were subjected to the following tests 
in the laboratory:
i )  Unconsolidated-undrained tr ia x ia l tests,
i i )  P lastic and liquid  lim it tests,
i i i )  Moisture content tests.
A ll.laboratory tests were carried out in accordance with 
B.S.1377 (1975) and were tested w ith in  60 days of sampling.
4.10 ASSESSMENT OF TECHNIQUES USED IN FIELD WORK
4.10.1 Data-logger
The accuracy of the output signal to the data-logger was checked 
regularly against the dial gauge and found to vary a negligible amount. 
The regularity of the scanning interval was checked and no variation was 
found at a l l .
On two occasions, however, the data-logger malfunctioned fo ra  
period of approximately 48 hours each. I t  was necessary to remove i t  
from the s ite  to be repaired. Whilst the data-logger was being repaired 
manual readings were taken from the d ig ita l displays on the process- 
controller and by using an avometer. This method worked adequately w ell, 
but could not be used for long term tests.
4.10.2 D rillin g  technique
As the diameter of the hole d rille d  by the "Minuteman" d r i l l  was 
75 mm and the vane diameter only 70 mm, i t  was imperative to ensure 
that the borehole was clean and that no fragments from the desiccated 
layer fe l l  to the bottom of the borehole. These fragments would be 
pressed ahead of the vane and thus disturb the clay in the v ic in ity  
of the test zone.
I t  was found that by constantly cleaning the d r il l -s tr in g  and
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d r illin g  slowly a clean, straight hole was achieved. The period 
between d r illin g  and testing was su ffic ien tly  short to prevent 
excessive swelling of the surrounding material or the collapse of the 
borehole.
To further reduce the possib ility  of the vane blades dislodging 
material from the sides of the borehole or binding against the borehole, 
the vane blades were covered with heavy duty grease prior to being 
lowered into the borehole. This technique apparently had no e ffec t on 
the measured maximum torque. The vane was found to press into the ground 
with greater ease. When i t  was removed, the vane blades s t i l l  had 
remnants of the grease on them.
4.10.3 Centring the torque-head '
Since a ll the tests were being done in an unlined borehole and 
the Farnell vane did not possess a protective sheath around the vane 
rods, i t  was necessary to align the torque-head accurately over the 
centre of the hole, and to ensure that no part of the rods rubbed 
against the side of the hole. This was achieved with a l i t t l e  
d iff ic u lty , but visual checks showed that the rods were standing away 
from the side of the hole. Wide wedges were used successfully around 
the base of the stand to align the torque-head with the rods.
4.10.4 Power supply
Two 12V 72 amp-hour batteries were used to provide power to the 
process-controller. Two sets of 2 batteries were maintained to enable 
each set to be recharged whilst the other set was in use. The battery  
sets each provided 12 volts at 5.5 amps for 24 hours. I f  a t any time 
the power was disconnected during a te s t, the accumulated signal from 
the tachogenerator reverted to zero. This would e ffec tive ly  abort the 
test.
I t  was necessary, therefore, to exercise considerable care in 
exchanging batteries during a test with a duration of greater than 
24 hours.
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4.11 FIELD WORK UNDERTAKEN PRIOR TO AND DURING CONSTRUCTION OF THE
TRIAL EMBANKMENT AT EAST BRENT
4.11.1 Soils investigation for M5 motorway
The original investigation of the foundation material at East Brent 
was carried out as part of the soils investigation for the proposed M5 
motorway in 1967 and 1968. This was reported by McKenna (1968) and 
Roy (1975). Although a comprehensive soils investigation was undertaken, 
this section is concerned prim arily with the strength and consolidation 
properties of the clay.
4.11.2 Boreholes
The boreholes at the East Brent t r ia l  embankment were sunk a fte r  
the embankment fa iled  in January 1968.
Four borings were made in the area beyond the s lip . See Fig. 4.20.
Instrument
hutToe of slip
©2
5A
©9
I Longitudinal 
I of embankmentScarp
10 m
FIG.4 .20: PLAN SHOWING LAYOUT OF BOREHOLES AT THE 
TRIAL EMBANKMENT
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4.11 .3  Sampling
Continuous sampling was undertaken in the disturbed zone of the 
fa iled  embankment. These samples were examined on site to determine 
the position of the fa ilu re  zone. In the desiccated layer open drive 
samples were taken (100 mm 0 ). In the soft clays, 54 mm 0 and 100 mm 0. 
piston samples were taken. The specimens not required for unconfined 
compression tests were extruded in 150 mm lengths and s p lit  open so 
that one ha lf could be used for moisture content and Atterberg Limit 
determinations. The other ha lf was allowed to a ir  dry in order to 
examine the thin s il ty  laminations and vertical root structures.
4.11.4 Laboratory and f ie ld  testing
I t  was found that suitable undisturbed samples were d if f ic u lt  to 
obtain in the soft clay. Atterberg Limits moisture content and partic le  
size distribution were determined in the laboratory, whilst a 
consolidated undrained tr ia x ia l test was done on one sample.
Three boreholes were used on s ite  for vane tests (Boreholes 1A,
7A and 12A) (See Fig. 4 .20). A Geonor penetration vane was used for 
this purpose. The vane test results are presented in Chapter 5.
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CHAPTER 5
5 PRESENTATION OF RESULTS OF THE FIELD TRIALS AT THE SITE OF
THE TRIAL EMBANKMENT, BRENT KNOLL, SOMERSET
5.1 THE FIELD TRIAL
During August 1979, a test program was undertaken to 
investigate the influence of testing rate and time effects on the 
shear vane test (see Chapter 4 ). The test s ite  was adjacent to the 
s ite  of the Brent Knoll t r ia l  embankment, Somerset. (Menzies & 
Simons, 1977). In addition the degree of strength anisotropy was 
examined by a series of tests using diamond shear vanes. I t  was 
the intention to undertake tests in the Somerset Clays using the 
instrumented vane to determine the shear stress distribution on the 
vane blades. Owing to the lim ited time for which the s ite  was 
available, however, these tests were undertaken at the University  
of Surrey in Brown London Clay. The results of these tests 
together with results of tests undertaken by Roy (1975), McKenna 
(Soil Mechanics Report 5101/1, 1968) and Menzies & Mailey (1976) 
are presented in this chapter. F inally  these data are used to 
reanalyse the s ta b ility  of the Brent Knoll t r ia l  embankment.
5.2 ENGINEERING PROPERTIES OF THE SOMERSET CLAY AT BRENT KNOLL,
FROM LABORATORY TESTS
The geology and the general properties of the clay at Brent 
Knoll, Somerset, have been described in Chapter 4. The borehole 
log for borehole W (see Fig. 4.15) is shown in Fig. 5.1 w hilst the 
p la s tic ity  chart derived from samples taken from borehole W is 
shown in Fig. 5.2. The clay may be described as an inorganic clay 
of medium to high p la s tic ity .
A three stage dissipation test was done in the tr ia x ia l test 
apparatus on a 32mm diameter specimen taken from 3.50m depth.
(m.c.% = 35.38). The results obtained are given in Table 5.1 .
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FIG. 5.1. BOREHOLE LOG -  BOREHOLE W
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mean effective pressure 
i n Kpa
Cv
in cm2/sec
50 8.99 x 10~"
100 22.6 x 10""
200 17.4 x 10""
TABLE 5.1 Values of Cv from laboratory dissipation tests
On examination the clay at 3.80 metres depth appeared to contain 
the remains of very small rootlets . Where the fibrous material was 
not v is ib le  a dark discolouration indicated the presence of decaying 
vegetation.
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Fig. 5.2 *“ Plasticity Chart of samples from Borehole W, East Brent.
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Roy (1975) and McKenna (1968) found fie ld  values of Cv to be 
between 2.5 x 10”3 cm2/sec and 4.4 x 10”3 cm2/sec. This variation was 
attributed to the variation in permeability between small samples (75mm) 
and inherent uncertainties in the assumptions used in the settlement 
analyses. The true permeability of the clay strata was not reflected  
in the tests on the smaller samples.
The consolidation coeffic ient of the clay involved in a shear vane 
test was considered to be of the order of the Tower values of Cv 
mentioned above i .e .  those obtained from 37mm and 75mm specimens, since 
the same drainage conditions would be encountered at that small scale.
Unconsolidated undrained tr ia x ia l compression tests were done.on 
four specimens taken from boreholes where shear vane tests were carried 
out. The results are given in Table 5.2.
Borehole depth m l o t Undrained Shear Strength Kpa
% Strain 
at Failure
6A 3.4 41.7 35.10 7.35
10C 3.45 46.9 36.63 2.68
11B 3.00 42.9 21.55 6.68
11B 3.50 44.4 30.90 7.35
TABLE 5.2 Results of unconsolidated-undrained tr ia x ia l tests
All the tests were carried out at a constant deflection rate of 
1mm/ min. Failure was taken to occur at the maximum deviator stress 
and the undrained shear strength, Su = —1  ^ .
5.3 SHEAR VANE TESTS PERFORMED AT THE SITE OF THE BRENT KNOLL 
TRIAL EMBANKMENT
5.3.1 Strain-controlled tests
A total o f 20 strain-controlled tests were carried out at rotation  
rates varying from 6°/minute to 0.006°/minute. 15 of these vane tests
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were done at the same depth of 3.80m and only these were used in the 
study. The torque-rotation and time-rotation relationships for the 
strain-controlled tests may be seen in Appendix V.
In i t ia l ly  the influence of consolidation time on the vane strength 
was investigated. The shear vane was pressed into the ground and 
allowed to remain stationary for a predetermined period prior to the 
start of the test. The relationship between time of consolidation and 
vane strength is shown in Fig. 5.3 . Although there is large scatter in 
the data an increase in vane strength with time of consolidation is  
apparent. The v a ria b ility  of the clay tends to mask the true re la tio n ­
ship between consolidation time and measured strength
Q_
50 -
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CD 40 . .
CO
30
20
Consolidat ion  Tim© in  Hours
FIG.5.3:Re 1 a t  i onsh i p between th e  c o n s o l id a t io n  t im e  p r i o r  
to  t e s t i n g  and measured shear s t r e n g th
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A consolidation time of two hours was adopted as standard fo r the 
remainder of the test program, for two reasons:
1. There appeared to be very l i t t l e ,  i f  any,increase in strength for 
consolidation times greater than 2 hours, and
2. In order to complete the program within the time available the 
shortest acceptable consolidation time was required..
A total of 14 strain-controlled tests were done at 3.8 metres 
depth. The torque-rotation and time-rotation relationships for each 
test are given in Appendix V. The torque-rotation relationships were 
examined to show the influence of rate of strain on:
1. shear strength
2. the slope of the p re -fa ilu re  torque-rotation curve
3. the residual strength of the clay.
The adjusted rotation rates and times to fa ilu re  for each test 
have been calculated from the torque-rotation curves in Appendix V and 
are given in Table 5.3.
Fig. 5.4 shows tests type 5, 6, 7 and 8 (See Table 4.1) plotted as 
normalised torques against rotation o f vane. The torques have been 
normalised with respect to the maximum measured torque in each tes t.
The angle of rotation has not been normalised.
The in it ia l  portions of the torque-rotation curves have been 
reproduced on a larger scale in Fig. 5.5.
From Figs. 5.4 and 5.5 the following observations may be made:
1. The shape of the torque-rotation curves do not change signficantly
with a change in rotation rate.
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TEST
MAX TORQUE 
N-M
SHEAR
K
STRENGTH
3a
TIME TO 
FAILURE 
Mins
ROTATION
RATE
°/minRECT TRIANG
1A 69.3 57.17 55.12 34 0.880
IB 39.9 32.92 31.74 17 0.827
2A 43.3 35.73 34.44 14.5 0.851
2B 57.1 47.11 45.42 20 0.838
3A 54.72 45.14 43.53 22 0.865
3B 66.90 55.19 53.22 31.5 0.880
4A 62.60 51.65 49.79 28 0.897
5A 65.00 53.63 51.70 34 0.883
5B 44.80 36.96 35.64 17 0.798
5D 58.75 48.46 46.73 23 0.723
6A 45.01 37.13 35.80 33 0.468
6B 71.80 59.24 57.11 42 0.487
6C 40.80 33.66 32.45 26 0.509
6D 58.15 47.97 46.26 42 0.526
7A 29.68 24.48 23.61 350 0.0557
7B 48.90 40.34 38.90 376 0.0519
7C 35.29 29.11 28.01 277 0.0514
8A 39.54 32.62 31.45 1995 0.00768
8B 37,77 31.16 30.04 2311 0.00734
8C 58.15 47.97 46.26 1743 0.0101
9A 53.37 44.03 42.45 25 0.614
9B 48.88 40.33 38.88 21 0.758
10A 59.40 49.01 47.25 208 0.1009
10B 48.81 40.26 38.83 186 0.0889
IOC 37.74 31.14 30.02 151 0.1007
11A 51.02 42.09 40.58 1482 0.01396
11B 45.94 32.43 31.27 480 0.0309
DUMMY 7.07 4.98 4.81 5 0.888
STD 58.75 48.47 46.71 8 5.48
TABLE 5.3 Results of shear vane tests carried out at the Brent 
Knoll t r ia l  embankment test site
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2. Although the testing rate was reduced by approximately 1000 times 
the apparent vane sensitiv ity  remained largely unchanged and varied 
by only 10% from the mean. (The vane sens itiv ity  is defined as the 
ra tio  of the peak strength to the ultimate strength, as measured by 
the vane.)
3. Taking into account the v a ria b ility  of the clay there was an 
apparent increase in the rate of torque increase with rotation  
prior to fa ilu re  as the testing rate decreased. This would indicate 
that the slower tests were being executed under p a rtia lly  drained 
conditions. There are not su ffic ien t data to substantiate th is .
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FIG.5.4:Torque~Rotation curves ■For s t r a i n~cont.ro 1 led  t e s t s -  
Torque norm alised  on ly .
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Madhav & Krishna (1977) proposed a method o f determining the 
undrained modulus from the shear vane test based on the integration of 
Mindlins (1936) equations (Douglas & Davis, 1964) for horizontal 
displacements due to a concentrated horizontal force in an e las tic  ha lf 
space. An equation was developed relating the in i t ia l  slope of the 
torque rotation relationship to the e lastic  modulus and has the form
10 x E x D^
the slope of the torque-rotation relationship,
6 expressed in radians;
dimension!ess influence factor;
undrained modulus
diameter of the vane
Assuming a value of approximately 1.75 for I q (H/D = 2 ) (Madhav 
& Krishna, 1977), the average undrained modulus fo r each test type was 
found to be:
Test Type Undrained Modulus
i n Kpa ’
5 335
6 352
7 342
' 8 374. .
I t  may be seen from the above figures that the undrained modulus 
increased by 11% with an increase in time to fa ilu re  of approximately 
600 times.
The shear strengths calculated from the maximum torques, taking into  
account the shaft fr ic t io n , were analysed to determine any change in 
measured strength with time to fa ilu re . The vane shear strength has been 
plotted against an adjusted time to fa ilu re  in Fig. 5.6.
The time to fa ilu re  has been defined as the time to reach peak 
torque from the s tart of the test less the time taken for the slack in 
the equipment to be taken up. Examples of the amount of time required to
T/0 = 
where T/0 =
10 = 
E >  
D
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take up the slack in the equipment may be seen in Appendix V. The 
adjusted zero time was determined by extrapolating back the in it ia l  
straight portion of the torque rotation curve for the vane by means of 
linear regression analysis.
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FIG.5.6:Relationship between Time to  F a i l u r e  and Shear  
S tre n q th  "For Vane Tests  in  B re n t  K n o l l  c la y .
From Fig. 5.6 the following observations may be made:
1. There is large scatter in the data points (co effic ien t correlation
r L = 0.5925).
2. There is  a reduction in shear strength with increasing time to 
fa ilu re  in strain-controlled (rotation-controlled) tests .
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In order to compensate for the v a ria b ility  in the material a 
record was kept of the degree of d iff ic u lty  experienced in pressing the 
vane into the ground. Any strength measurements which appeared to 
diverge s ign ifican tly  from the trend shown in Fig. 5.6 were reassessed 
in terms of the d iff ic u lty  of inserting the vane. I f  an exceptionally 
high value of shear strength coincided with a high degree of d iff ic u lty  
in pressing the vane into the ground, this point was omitted from the 
regression analysis to determine the relationship in Fig. 5.6. For this 
reason values from Tests 5A, 6B and 8C were considered unreliable for 
this purpose.
From the preliminary investigation into the composition of the 
clay at East Brent i t  was concluded that i t  contained large numbers of 
small rootlets in various stages of decomposition, the moisture content 
varied unevenly with depth and that due to the marine environment under 
which the clay was deposited a large number of shells were present.
The combined influence of these factors would contribute to the 
variation in the measured strength of the clay at any point.
5.3.2 Torque-Controlled tests
A total of 7 torque-controlled tests were carried out at torque rates 
varying between 2.32 N-M/min and 0.034 N-M/min.
The torque-rotation relationships and the tim e-rotation  
relationships of the torque-controlled tests may be seen in Appendix V.
A ll of these tests v/ere undertaken a fte r a consolidation period of 
two hours. The normalised torque-rotation relationship is  shown in 
Fig. 5.7 for test type 9, 10 and 11. I t  can be seen that the gradients 
of the in it ia l  portions of the curves do not vary s ign ifican tly  from each 
other with a change in testing rates.
From the slopes of the torque rotation relationships in Fig. 5.7 
the undrained modulus for each test type was determined by the method of 
Madhav & Krishna (1977). The average modulus for each test type was
187
T/
T(
m
ax
)
0. 8
0 . 6
TEST TYPE 9
0. 4
TEST TYPE 10
TEST TYPE 11
0.2
3020100
R o ta t io n  in  Degrees  
FIG.5.7:Torque—Rotation curves -for torque— 
controlled tests— Torque normalised 
only. 188
as follows:
Test Type Undraihed Modulus 
in Kpa~  ~
9 376
10 381
11 341
I t  may be seen that there was no s ign ificant change in the measured 
undrained modulus with change in rate of torque application which 
suggests that the tests were essentially undrained.
The tests were not extended beyond the point of maximum torque
measurement as the test condition changed from a torque-controlled test
to a strain-controlled test operating at the maximum speed of the motor.
The calculated shear strengths from the torque-controlled tests 
have been plotted against time to fa ilu re  in Fig. 5.8. No correlation  
between time to fa ilu re  and measured shear strenth was found. I t  can 
be seen from Fig. 5.8 that the variation in strength may well have been 
due to the v a ria b ility  of the m aterial.
As the torque-controlled test approached the maximum torque the 
yielding of the clay caused the vane to rotate a t a faster rate in 
order to maintain the pre-set torque rate . At the point o f fa ilu re  
the vane was rotating at maximum angular velocity (l° /m in ). I t  may be 
concluded that a t the point of fa ilu re  in a ll the torque-controlled 
tests the vane was executing a test sim ilar in nature to the l°/m in  
strain-:controlled test. The shear strengths measured would therefore 
approximate the values of strengths obtained from the l°/m in s tra in - 
controlled tests.
5 .3 .3 Constant torque test
A test was carried out in which the torque head maintained a 
constant torque leve l, rotating the vane i f  necessary, to compensate 
fo r any creep.in the clay with time. Fig. 5.9 shows the increase in
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rotation of the vane during each time increment when the torque was held 
constant. The torque was held constant at three d iffe ren t levels , which 
were 20 N-M, 28 N-M and 34.8 N-M. I t  was anticipated that the fa ilu re  
torque would be approximately 40 N-M.
I t  can be seen that a t 20 N-M very l i t t l e  rotation of the vane 
took place. Instead of an increase there appears to be a reduction in 
the angle of rotation during this period. This may be attributed to 
slight d riftin g  in the LYDT over a long period.
At 28 N-M the vane was required to rotate 1.39 degrees to maintain 
the constant torque. This was due largely to the rotation of the vane 
at the beginning of the time increment w hilst the process controller 
stabilised.
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FIG.5.9: R o ta t  i on oF th e  Vane w ith  t im e  d u r in g  a 
c o n s tan t  to rq u e  t e s t .
The largest rotation was evident during the th ird  and fin a l time 
increment. The vane was required to rotate 11.61 degrees during the 
242 minutes the torque was held constant at 34.8 N-M. A fter th is period 
in order to maintain a constant torque the rate of rotation was too 
great for the vane motor so that the level of torque dropped o ff rapidly  
as the clay yielded.
I t  may be seen that the rate of creep during the las t increment 
of time was fa ir ly  constant during the 200 minutes until the clay began 
to yie ld  more rapidly.
<*
I t  would appear that the Brent Knoll Clay is inclined to y ie ld  at 
a lower torque than the peak torque obtained from a standard vane te s t,  
when i t  is subjected to torques greater than 50% of the maximum torque 
for long periods of time (8 hours).
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TABLE 5 . 4  : VARIATION OF R,  DEGREE OF ANISOTROPY,
WITH DEPTH AT THE EAST BRENT TEST S I T E .
DEPTH i n  m. R r 2
1 . 7 5 1 . 1 0 0 . 8 9 5
2 . 7 5 0 . 6 5 0 . 9 8 5
3 . 3 0 3 . 4 4 0 . 8 4 1
3 . 7 5 2 . 0 5 0 . 9 7 9
4 . 5 0 3 . 5 7 0 . 9 4 4
5 . 5 0 1 . 7 8 0 . 9 5 6
6 . 0 0 1 . 2 5 0 . 9 9 8
7 . 0 0 1 . 6 3 0 . 9 9 2
8 . 0 0 1 . 2 7 0 . 9 9 4  I
100 -
C 60
20 40
SuH in  Kpa 
FIG.5.10:Po 1 a n  Diagram for 1. 75m Depth.
5.4 TESTS USING THE DIAMOND SHEAR VANE
Tests by hand fa i l in g  the clay within 10 mins,were carried out 
using the 20°, 45° and 60° diamond vanes, to a depth of 8 metres. For 
each test depth the values of shear strength obtained were applied to 
the equation
sua = W P  + (R - 1)Cos2a ]'uH 5.1
by means of a polar regression. Figs. 5.10 to 5.18 show the resultant 
polar diagrams for each depth tested. The degree of anisotropy, R, 
obtained for each depth varied between 0.65 and 3.44. See Table 5.4 
for the variation of R with depth.
The shear strength was measured with depth by a conventional
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F!G5.12:Po 1 ar Diagram for 3. 3m Depth.
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FIG.5.13:Polar diagram for 3.75m Depth. FIG.5.U:Po 1 ar Diagram for 4.50m Depth.
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IG.5.15:Po 1 ar Diagram f o r  5.50m Depth.
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FIG.5.17:Po 1 ar Diagram for 7.00m Depth.
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FIG. 5.19. CONVENTIONAL SHEAR VANE MEASUREMENTS 
TAKEN IN AUGUST 1979, ADJACENT TO 
BRENT KNOLL TRIAL EMBANKMENT SITE.
rectangular vane (140mm x 70mm) and the strength variation with depth 
is shown in Fig. 5.19. The strength variation with depth found by 
McKenna (1968). at the s ite  of the Brent Knoll t r ia l  embankment (see 
Fig. 5.21) is shown in Fig. 5.20.
5.5 THE BACK ANALYSIS OF THE BRENT KNOLL TRIAL EMBANKMENT
The Brent Knoll t r ia l  embankment has been re-examined in the 
lig h t of the additional shear strength data obtained during the vane 
test program undertaken in 1979 adjacent to the s ite .
Fig. 5.21 shows the plan of the embankment. Menzies & Simons (1977) 
report that in January 1968, with 7.9m of f i l l  in place fa 61m length 
of the bank slipped with a 1.2m slump at the crest, the fa ilu re
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extending to 20m beyond the toe of the bank. Numerous tension cracks 
opened up in the unslipped f i l l  generally parallel to the slump at the 
crest. The opposite side of the bank appeared to be on the verge of 
fa ilu re , the side slope becoming s lig h tly  S-shaped and a construction 
peg near the toe of the bank moving outwards approximately 0.5m. A 
section through the s lip  is shown in Fig. 5.22.
To prevent further movement of the s lip  and additional damage to 
.the instrumentation, a 1.2m th ick, 15.2m wide berm was immediately
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0 50
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FIG 5.20 CONVENTIONAL SHEAR VANE MEASUREMENTS TAKEN 
IMMEDIATELY AFTER THE SLIP OF 1968. BRENT 
KNOLL TRIAL EMBANKMENT
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FIG.5.21 : PLAN SHOWING LAYOUT OF BOREHOLES AT THE 
TRIAL EMBANKMENT
placed along the toe of the bank in the area of the s lip .
The position of the assumed fa ilu re  surface was determined by 
examination of continuous samples taken from borings 2, 3, 4 and 9 
(see Fig. 5 .21). Standard vane tests were carried out in 3 boreholes 
outside the bank (boreholes 1A, 7A and 12A in Fig. 5 .21). The results 
of the tests in boreholes 7A and 12A are shown in Fig. 5.20.
Using a total stress lim it analysis the s ta b ility  of the t r ia l  
embankment was analysed in the following three ways:
1. A c r it ic a l c irc le  and minimum factor of safety were determined 
for the geometry of the embankment, density of the f i l l  material
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and strength p ro file  of the foundation clay given in Fig. 20(a).
2. The factor of safety associated with the observed fa ilu re  surface 
was determined using an average f ie ld  strength of 26 Kpa (see 
Fig. 5 .20).
3. Assuming a factor of safety of unity, the radius of a c r it ic a l  
c irc le  passing through the toe and scarp o f the s lip  was found.
This was defined as the fa ilu re  surface upon which the highest 
f ie ld  shear strength was required to be mobilised prior to fa ilu re .  
This maximum shear strength was determined.
In addition to the trad itional circu lar s lip  surface analysis, 
the embankment was analysed as an equivalent s tr ip  footing having the 
same overall width of the embankment carrying a to ta l load equal to the 
embankment loading but uniformly distributed over the whole width of 
the embankment. The bearing capacity equation used for this analysis
7-6m
Tension
cracks Before slip After slip Berm placed 
/  after slip
3 9 5A /  2
^Disturbed
samples
Presumed slip 
surface
Brown silt stratum
0 5m 10m 15m
Fig 5.22 CROSS-SECTION THROUGH THE BRENT KNOLL 
TRIAL EMBANKMENT AFTER FAILURE.
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was
= NcSu 5.2a
where
qa = allowable bearing capacity 
Nc = s ta b ility  factor 
Su = undrained shear stress
The value of Su adopted for this analysis was 26 Kpa.
A cross-section of the embankment is depicted in Fig. 5.23, showing 
the positions of the three circles described above. The results of the 
analyses are summarised in Table 5.5.
CIRCLE RADIUS in m DEPTH in m F.O.S. Su in Kpa.
1 37.00 17.0 1.09 varied
2 59.50 7.2 1.45 26.00
2(a) 59.50 7.2 1.67 varied
3 30.00 20.0 1.00 28.20
TABLE 5.5 Results of the s ta b ility  analyses for the Brent Knoll 
Tria l Embankment
In the cases of circles 1 and 2(a) the shear strength was derived 
from the strength pro file  shown in Fig. 5.20. The factor of safety
determined by the bearing capacity analysis mentioned above, was 1.22.
I f  the shear strength data were corrected by the anisotropy and 
stra in -rate  factors in the manner
/UB*>UA*Su(vane) = Su (fie ld )
where
Tig = 0.84 (see Fig. 3.27)
and
-  0.89 (see Fig. 3.29)
the factor of safety becomes 0.82.
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This factor of safety is sensitive to changes in a number of 
parameters, the more significant being:
1. The v a r ia b ility  of the clay and the presence of vegetation and
s i l t  partings.
2. The variation in the shear strength p ro file .
3. The fact that the shear strength measurements were taken close to
and inside the disturbed zone at the toe of the fa iled  
embankment, a fte r fa ilu re  had occurred.
The shear strength pro file  shown in Fig. 5.19 was compiled from 
results of shear vane tests done on the vane test s ite  approximately 
150 metres from the s ite  of the embankment. The values of shear strength 
in the p ro file  are in general higher than the corresponding values in 
Fig. 5.20. Used in a lim it analysis these values would increase the 
factor of safety.
I t  may be noted that the observed surface is much shallower than 
the c r it ic a l c irc le , which is approximately the same depth as the 
c r it ic a l c irc le  drawn through the toe and scarp of the observed fa ilu re  
surface.
The factors of safety and maximum strengths are given in Table 5.5 . 
I t  can be seen from Table 5.5 that the vane shear strength in a ll cases
overestimated the factor of safety of the embankment.
I t  is important to note that the correction factors JJg and were
determined in order to allow the strength measured by the shear vane to 
be conditioned such that, when applied to a to ta l stress analysis, a 
factor of safety of unity may be obtained on the embankment reaching its  
c r it ic a l height. This total stress analysis should be applied to the 
hypothetical c r it ic a l c irc le  and not the observed fa ilu re  surface.
I t  was noted that the centre of the embankment settled
approximately 1 metre prior to the fa ilu re . This deformation w ill have
changed the in -s itu  state of the effective stress under the embankment
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by induced shear strains and partia l drainage. Neither of these factors 
was taken into account in determining the c r it ic a l c irc le  and factor of 
safety.
5*6 A REVIEW OF THE RESULTS OBTAINED FROM FIELD VANE TESTS AT
BRENT KNOLL
The shear vane tests undertaken at the Brent Knoll test s ite  
indicated the fo il owing
1. An increase in shear strength was measured i f  the vane was allowed
to stand in position for some time a fte r i t  had been inserted 
prior to commencing the test. An approximate increase of 17% was 
measured in the shear strength a fte r a two hour consolidation 
period.
3. A decrease in shear strength of about 45% was observed with an
increase in time to fa ilu re  in the strain-controlled tests.
3. The wide scatter of shear strength with change in time to fa ilu re
in the torque-controlled tests did not allow any significant 
correlation to be made.
4. The slack in the vane rods at the beginning of a test did not
influence the torque-rotation relationship provided that the 
iprefailures slope of the curve was extrapolated back to zero 
torque and that this rotation was adopted at the s ta rt of the tes t.
5. The torque-rotation relationships did not change s ign ifican tly  with
a change in time to fa ilu re  in both the strain  and torque- 
controlled vane tests.
6. Although the change was small, the slopes of the torque-rotation
curves of the slower tests were steeper than those o f the faster  
tests , indicating an increase in deformation modulus.
7. In the one creep test carried out at Brent Knoll i t  was found that
the clay, i f  stressed with a shear vane to a stress level lower 
than fa ilu re  for a period of time, would creep and eventually y ie ld
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at a stress level lower than the conventional peak strength.
8. The degree o f strength anisotropy may be measured by diamond 
shear vanes resulting in a satisfactory coeffic ient of correlation  
(greater than 0.85) for most determinations.
9. Due to the v a ria b ility  of the Somerset Levels clay, i t  is 
d if f ic u lt  to predict accurately the s ta b ility  of an embankment 
b u ilt  on i t .  The variation in shear strength with depth was so 
erra tic  that any strength p ro file  adopted would only approximate 
the I true!conditions in the ground.
From these results three obvious questions arise:
T. What is the combined overall e ffec t of the various factors which
influence the result of the shear vane test?
2. How can the vane test be executed and interpreted in order that
these influences have either no e ffec t or a known consistent
e ffec t on the result of the test?
3. To what extent do the factors which influence the resu lt of the
shear vane test on a small scale influence the s ta b il ity  of the
fie ld  prototype on a large scale?
The influence of time to fa ilu re  on the apparent strength of the
clay appears to be sign ificant. Not only does the clay display a lower
strength when sheared at a slower rate but i t  appears to creep and 
eventually yie ld  at a lower yie ld  stress i f  i t  is stressed by the vane 
to constant stress levels lower than y ie ld  stress which in the case of 
the test at Brent Knoll were 50%, 75% and 85% of the anticipated y ie ld  
stress.
Although the shear strength versus time to fa ilu re  relationship  
for the vane may not be d irectly  related to the construction of an 
embankment on soft clay i t  is conceivable that the same influences are 
active on the f ie ld  prototype during the construction period as on the 
vane during a slow but essentially undrained te s t.
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To date i t  has been d if f ic u lt  to draw a parallel between the 
time influences which are active on the shear vane test and the 
influences which affec t the fie ld  prototype. In Chapter 7 
recommendations are presented with regard to the execution and the 
interpretation of the shear vane test so that a reasonable assessment 
may be made of the s ta b ility  of an embankment b u ilt  on soft clay, the 
strength of which has been determined by the shear vane te s t.
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CHAPTER 6
6 THE INFLUENCE OF PROGRESSIVE FAILURE ON THE INTERPRETATION
OF THE SHEAR VANE TEST IN STRAIN-SOFTENING SOILS
6.1 THE SIGNIFICANCE OF STRAIN-SOFTENING ON THE CONVENTIONAL SHEAR
VANE TEST ANALYSIS
This chapter proposes the action of a type of progressive fa ilu re  
on the mechanism of fa ilu re  during a shear vane test and demonstrates 
its  influence on the measured vane strength.
In order to quantify this influence a correction factor is  proposed 
which relates the ‘ true1 peak strength Sp to the maximum measured shear 
vane strength S for various strain-softening parameters and vane types.
The additional influences of strength anisotropy and the action 
of progressive fa ilu re  on diamond vanes is discussed. A correction
factor relating to the measured strength on a diamond vane Sp to the
'true* peak strength Sp is proposed for various strain-softening  
parameters.
F ina lly , the importance of the influence of progressive fa ilu re  
in the determination of the shear vane strength is discussed and its  
effect on the design of foundations and embankments is assessed with 
special reference to a t r ia l  embankment at Brent Knbll, Somerset.
6.2 STRAIN-SOFTENING IN SOILS
I f  a specimen of clay is subjected to a constantly increasing
shear distortion i t  w ill exhibit an increasing shear resistance with 
increasing shear stra in . Assuming that a constant effective stress 
system is maintained on the specimen, this process w ill continue until 
a lim iting  shear resistance is reached. This shear resistance is the 
peak shear strength (Sp) of the clay.
I f  the specimen is subjected to further shear strains under the
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same stress conditions the available shearing resistance of the clay 
w ill reduce until a constant shearing resistance is reached which is 
less than the peak shear strength. This value of shear strength is 
termed the ultimate or "residual strength" (Sr) 9 and the process of 
reduction of available shear strength, "strain-softening". (Skempton, 
1964)
The mechanism of strain-softening is shown graphically in Fig. 6.1
Soil specimen
Shear plane
Peak strength
Strain softening 
portion
Strain -
hardening
portion.M
Ultimate or
residual’
strength
Shear displacement A m
FIG 6.1: STRAIN SOFTENING MECHANISM
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In clays this f a l l - o f f  in strength may be described in terms of a 
ra tio  of the reduction in strength from peak to residual to the peak 
strength. This is termed the Brittleness-Index (Bishop, 1967), Ig , and 
expressed as:
The practical consequence of this strain-softening property of 
clays, especially s t i f f  clays, is the phenomenon of progressive fa ilu re  
in a soil mass. This phenomenon, in turn, may be influenced by
seasonal variations, fissuring, laminations, fabric generally,.and 
any other factors which may cause stress variations or concentrations
within a soil mass leading to further v a ria b ility  of shear distortion
within a s o il .
This process of strain-softening is independent of the rate at 
which the specimen is sheared and the e ffec t of time and weathering on 
the structure of the clay. The factors influencing the e ffec t of s tra in -  
softening in progressive fa ilu re  have been discussed in Chapters 2 and 3.
The mechanism of strain-softening in quick clays has been discussed 
by Bjerrum and Kenney(1967) whilst the influence of progressive fa ilu re  
in normally and over-consolidated clays has been investigated by Bishop 
(1967, 1971); Turnbull and Hvorslev (1967); Haefeli (1965) and Palmer 
and Rice (1973).
6.3. PROGRESSIVE FAILURE IN THE SHEAR VANE TEST
Progressive fa ilu re  may occur in a specimen which is  subjected to 
non-uniform stress and strain conditions where redistribution of shear 
stresses occurs along a potential sliding surface. (Terzaghi and Peck,
1948; Taylor, 1948).
This condition exists on the potential fa ilu re  surface circumscribed 
by the blades of a rectangular or triangular shear vane. (F laate, 1966, 
Aas, 1967).
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In determining the shear strength from the measurement of maximum torque 
during a shear vane te s t, a constant shear stress distribution has been 
assumed to ex is t. This has varied from a constant shear strength 
existing on a ll surfaces simultaneously (Cadling and Odenstad, 1950) 
to a triangular (F laate, 1966) and parabolic distribution across the 
ends, of the cylinder of rotation (Aas, 1967).
Although the effec t of strength anisotropy has been taken into  
account in the interpretation of the shear vane (Aas, 1965; Menzies,
1976; Wiesel, 1973; e tc .),th e  anisotropy with respect to the deformation 
characteristics has not been considered. Donald e t al (1977) extended 
the work of Wiesel (1973) to allow for the peak shear stress or 'strength* 
in the vertical and horizontal planes to be mobilised at d iffe ren t 
angular rotations of the shear vane, but this analysis assumed that the 
mobilised shear stress distributions were sim ilar fo r vanes having 
differen t H/D ratios. Their results showed impossible negative values 
for torque on the horizontal planes at intermediate angles of rotation  
prior to fa ilu re . This phenomenon was put. down to progressive fa ilu re .
For this reason the anisotropic (M-Theta) analysis proposed by Donald 
et al in 1977 was considered unreliable fo r use in b r it t le  so ils .
6.4. A MATHEMATICAL MODEL SIMULATING PROGRESSIVE FAILURE CAUSED BY
STRAIN-SOFTENING
In order to simulate the mechanism of progressive fa ilu re  on the 
shear vane blades, i t  is necessary to establish a shear stress-displace- 
ment model which takes into account the strain-softening behaviour of 
the soi1 .
A shear stress-displacement model is proposed which is based on 
the behaviour of a soil in a direct shear box te s t. I f  a s o il, which 
displays a degree of brittleness, is subjected to a shear displacement 
in a d irect box test i t  displays an increase in shear resistance. This 
continues with increasing shear displacement until the maximum shear 
resistance is mobilised under the prevailing conditions of loading. 
Thereafter the specimen suffers a reduction in mobilised shear strength 
with increasing displacement until a residual shear resistance is reached
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which remains constant for any further increases in shear displacement.
An idealised representation of this soil model is shown in Fig.
si
displacement
FIG 6.2: IDEALISED SHEAR STRESS -  DISPLACEMENT
RELATIONSHIP FOR STRAIN SOFTENING SOILS
The following notation has been used to describe the s tra in - 
softening behaviour of the so il.
Sp = 'True' shear strength of the soil
Sr = 'True' residual strength of the soil
K-j = rate of increase of shear resistance with increasing 
shear displacement to a maximum shear strength (Sp)
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Kp = rate of decrease of shear resistance with increasing 
shear displacement from a maximum shear strength to a 
minimum of residual shear strength (Sr)
6p = Total shear displacement at which maximum shear resistance 
(Sp) is mobilised
6 r  = Total shear displacement at which the residual strength 
(Sr) is mobilised.
6.5 . PROGRESSIVE FAILURE ON THE SHEAR VANE BLADE MODELLED BY THE 
IDEALISED STRESS STRAIN RELATIONSHIP
6.5.1 The relationship between 3T and Sp
The conventional interpretation of the shear vane test assumes the 
soil to behave as a rig id -id e a lly  plastic m aterial. The shear strengths 
on a ll planes are taken to be equal to each other and mobilised 
simultaneously.
The shear strength derived from the conventional analysis of the 
shear vane test is denoted by 'S or S (r-p ).
I f  the clay exhibits a shear stress-displacement relationship ,
the shear stress distribution across the blades w ill be d iffe re n t from 
the rig id -id e a lly  p lastic condition depending on the degree to which 
the shear strength has been mobilised.
Fig. 6.3 shows the shear stress-displacement relationship for the 
two cases superimposed on the same system of axes. Fig. 6 .3  shows Sp 
and S' to be d ifferen t.
As the magnitude of Sp and S’ are dependent on the in terpretation  
of the measured torque, and for any shear vane test only one value of 
torque is measured, the relationship between Sp and S’ is based on the 
fact that;
T(r-p) = T (p -f) 6.2
where T(r-p) = the torque assuming the clay to be rig id  p las tic
and T (p -f) = the torque assuming the clay to be strain-softening
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displacem ent
FIG 6 . 3 :  ID EA LISED  SHEAR STR ESS-D ISPLA C EM EN T  
RELATIONSHIPS FOR RIG ID-PLASTIC  AND 
STRAIN-HARDENING/SOFTENING SOILS.
6.5 .2 Relationship between shear displacement and rotation of the vane
The shear displacement 6 as shown in Fig. 6.2 is related to the 
angle of rotation of the vane by the following relationship,
6 = r.se 6.3
where 6 = shear displacement,
r = distance along the radius of rotation of the vane and,
69 = rotation of the vane in radians
The mobilisation of shear resistance along the radial edge of a 
shear vane blade may be described graphically as in Fig. 6 .4 .
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V d>dr
vane blade
FIG 6 . 4 :  ROTATION OF A RECTANGULAR VANE THROUGH AN 
ANGLE d0 SHOWING THE MOBILISATION OF SHEAR 
STRESS IN A STRAIN SOFTENING SOIL.
During a test at any angle of rotation 60, the “real" shear 
strength, Sp, is mobilised at a distance rp along the radius of the vane. 
S im ilarly , the residual strength, Sr, is mobilised at a distance T r  
along the radius of the vane.
where <Sp = ^69  6.4
and 6r = r r  60 ' ' ■ 6.5
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6 .5 .3  Shear s treng th  development along the ra d ia l edge o f a shear
vane blade
From Fig. 6.4 i t  can be seen that the position along the radius of 
the blade where Sp is mobilised is dependent on the magnitude of 6 6 , 
the angle of rotation. Therefore as 60 increases so the position of Sp 
moves closer toward the vane's axis of rotation.
The distribution of shear strength along the radial edges of the 
rectangular blade may be divided into three phases. These phases are 
shown graphically on a vane blade edge in Fig. 6 .5 .
( i )  where rp > R i .e .  maximum shear strength, Sp, has not been 
mobilised at any point along the blade edge;
( i i )  where rp < R < r r  i .e .  maximum shear resistance has been mobilised
along the radial edge of the vane blade between the vertical edge
of the blade and distance r  along the radius. Due to s tra in -
r
softening the available shear strength has been reduced between rp 
and R to a value S at distance R along the radius, where;
S = Sp-k^SQ (R-rp) ..............   6 . 6
I f  the soil is isotropic with regard to strength and deformation 
characteristics, then the value of the mobilised shear strength 
along the vertical edge of the vane blade would also be S;
( i i i )  where rp < r r  < R
i .e .  the shear displacement generated circumferentially at the 
vertical edge of the blade at radius R is greater than 6 r .  The 
available shear strength between distance r r  and R from the axis 
of rotation has therefore reduced to the residual strength Sr.
6 .5 .4  The calculation of torque from the stress d istribu tion  influenced 
by strain-softening
The torque is calculated from the f i r s t  moment of area under the 
shear stress distribution function over the whole cylinder of rotation  
circumscribed by the shear vane blades.
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Case i
Case iii
FIG 6.5: THE THREE PHASES OF SHEAR STRESS
DISTRIBUTION MOBILISED ON THE RADIAL 
EDGE OF A RECTANGULAR VANE.
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The shear stress distribution changes with a change in angle of 
rotation, consequently the calculated f i r s t  moment of area changes.
Relationships are required therefore between the measured torque 
and the.maximum mobilised shear resistance taking into account the 
variation of stress distribution with rotation.
In order to fa c ilita te  the representation of this relationship  
the following notation has been devised:
Sp/D = peak shear strength/diameter o f vane,
= 'D*
. Ky = rate of increase of shear resistance with increasing 
shear displacement prior to mobilisation of peak shear 
strength in the horizontal plane.
I<2 = rate of decrease of shear resistance with increasing
shear displacement a fte r mobilisation of maximum shear 
strength in the horizontal plane 
Kg = rate of increase of shear resistance with increasing 
shear displacement prior to mobilisation of maximum 
shear strength in the vertical plane.
K^  = rate of decrease of shear resistance with increasing 
shear displacement a fte r mobilisation of maximum shear 
strength in the vertical plane 
X = ratio  of the height of the shear vane to its  diameter
Se = -|p = sensitiv ity  of the s o il . -  The ra tio  between the
maximum shear strength and the residual shear strength 
R = SuV/SUH = degree of anisotropy
The ra tio  of Sp/D has been chosen to sim plify the expressions for  
torque. This value is also of significance when the scale e ffec t of the 
shear vane test is considered. This value w ill determine how fa r the 
shear value should rotate before the peak shear strength is mobilised.
I t  follows that the smaller the vane, considering a constant , the
larger the angle of rotation required to mobilise peak shear strength.
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The va lid ity  of this argument, however, is confined by the geometrical
the peak shear strength on the vertical edge of the blade, the direction  
of shear displacement w ill change s ign ifican tly . This is due to the 
fact that the shear distortion is taking place on an arc in the vertical 
plane and rad ia lly  in the horizontal plane in a shear vane test. This 
is lik e ly  to cause further disruption of the material and to set up a 
complex stress system. This change in direction o f shear displacement 
might well affect; the deformation properties of the clay.
Since the shear stress stress-displacement relationship model 
(see Fig. 6.2) is discontinuous at the values 6 = 6 p and 5 = 6 r ,  three 
separate functions are required to describe the three phases of shear 
stress development on both the horizontal and vertical blade edges.
As the model is anisotropic with respect to shear strength, the 
relationships on the vertical and horizontal blade edges w ill be 
differen t.
6 .5 .5  Mathematical functions derived to represent the torque-rotation 
Relationship
( i ) Phase I
The form of the shear stress-displacement relationship may be 
seen in Fig. 6 .5 ( i ) .  This describes the condition prio r to 
mobilisation of peak shear strength. I t  is convenient to consider 
separately the contribution the shear stress distributions on the 
horizontal and vertical planes make to the total torque.
constraints of the vane blades. I f  a large angle is required to mobilise
i .e .  T (to ta l) = ^  + TV 
The torque T may be expressed as
(a) In the horizontal plane:
6.7
D/2
4K-, .de .ir.r3 dr 6.8
,4 6.9
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The peak shear s treng th  (Sp) is  m ob ilised  when
60 > B
where
B ■ T * D 6.10
(b) In the vertical plane
Ty, =. K3 d0 TrXD4/4 6.11
and the peak shear strength is mobilised when
( i i ) Phase I I
Fig. 6 .5 ( i i ) considers the case where the peak shear strength, 
Sp, has been mobilised and where, on sections of the radial edge 
of the blade (greater than rp ) and along the vertical edges of 
the blade, the shear resistance is less than Sp but greater than 
Sr.
The torque T is expressed as
(a) In the horizontal plane v
4 K
6.12
16
where
Z D 6.13K, 60
This expression is valid in the lim its
+ K2 -  K-j/Se)1D
Se may be expressed as -y
B
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where
Ig  = b r it t le n e s s  index
i = sp ~ Sr: 6.14
B Sp
The lim its  therefore become
I  < 60 « 2 'D' (K2 + K1 ! B )
K1 K2
(b) In the vertical plane
This expression is valid in the lim its
< 60 <  2 R ‘ D’ ( K3 + K4( I b) ) /K 3 K4
3
6.15
( i i i ) Phase I I I
Fig. 6 .5 (i i i ) considers the case where the shear strength has 
reduced to a constant residual strength.
The torque T is expressed as:-
(a) In the horizontal plane
4
t H  = [(!<! + K2)(Z -2 Z 4) + K2(2M4 -M )] 6.16
where
M = Z (K-j I B + K2)/K2 6.17
This expression is valid in the limits* 
2 ‘D* (K2 + I B) /K-j K z '4 60
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(b) In the v e r t ic a l p lane?
irD4 X (1 - I R)
6.18
Tv = R ‘O' tt B
This expression is valid in the lim its  
2 R ' D' ( K3 + K4 I b),/K3 K4 < 60
These expressions allow a complete torque-rotation relationship
to be described for the shear vane tests in any strain-softening
clay.
6.6 THE INFLUENCE OF PROGRESSIVE FAILURE ON THE MEASUREMENT OF
TORQUE AND THE CALCULATION OF THE PEAK SHEAR STRENGTH, Sp
In it ia l ly  the interpretation of the torque to determine the shear 
strength of the clay assumed that the shear stress across the radial 
surface of the cylinder of rotation was uniformly distributed. The clay 
was regarded as isotropic and non-strain softening. (Cadling and 
Odenstad,1950 ).
Latterly  i t  has been proposed that the shear strength is mobilised 
with increasing rotation of the vane. A triangular shear stress 
distribution across the radial surface was suggested, (F laate, 1966; 
Menzies & Mailey, 1976 ) and the effect of anisotropy considered 
(Aas, 1967).
The functions for torque T derived in the previous section may be 
described in general terms as
T( p - f )  = 6 -19
I t  is now possible to represent the torque rotation relationship  
for a shear vane test performed in a soil having any values of 
Kg, K4 and Ig and degree of anisotropy R.
Figs. 6 .6 , 6.7 and 6.8 compare the normalised torque-rotation  
relationships of shear vane tests in clays having brittleness indices
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h a v in q  H/D —2
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0.6
0. 4 -
0.2
THETA/THETA(max)
FIG. 6 .6 :  NORMALISED TORQUE-ROTATION RELATIONSHIPS
OF CLAYS HAVING K1/K2 = 0. 1.
of 0 .2 , 0 .4 , 0.6 and 0.8 . The comparison is made between three clays 
having K-j/K  ^ = 0 .1 , 10 and 100 respectively. A clay having Ig = 0.8 
and Ki/I<2 = 0.1 may be regarded as a b r i t t le ,  sensitive clay such as 
Champlain Clay, Canada, Yarra Delta Clay and Drammen Clay, Norway.
I t  can be seen that the torque-rotation relationships are c learly  
influenced by a change in e ither K-j/K  ^ or Ig . The larger the value of 
Ig and the smaller the ratio  K-j/K^s the more dramatic w ill the reduction 
in torque be once the maximum value of Tj .^-has been attained.
These curves have been produced for a clay having a degree of 
anisotropy, R = 1.00. I f  torque-rotation curves were presented 
for an anisotropic clay they would not be altered in form on condition 
that the peak shear strength, Sp, was mobilised at the same angle of 
rotation on the vertical and horizontal edges.
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1.2
Curves f o r  a r e c t a n g u l a r  van© 
h a v in q  H /D —2.1.0
0. 8 -
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J  0.6
0. 4
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0.4 -
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F IG /6 .  7s NORMALISED TORQUE-ROTATION RELATIONSHIPS
OF CLAYS HAVING K1/K2 = 10.
1. 2
1. 0
0. 8
A
X
0
5 0- 6
0. 4
0. 2
0 0 2 4 6 8 10 12
THETA/THETA(max)
F IG 6 .8: NORMALISED TORQUE-ROTATION RELATIONSHIPS 
OF CLAYS HAVING K1/K2 = 100.
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NOTE: THIS CURVE REPRESENTS THE TORQUE-
ROTATION RELATIONSHIP FOR IB=0. 2; 
0. 4; 0. 6; 0. 8 FOR VALUES OF 
THETA/THETA(max) FROM 0 TO 12.
Curves Ton a r e c t a n g u l a r  van© 
h a v in g  H/D=2.
—i------------ 1--------- -J ------------ 1—---------1------------ 1--------------1-----— I----------
These curves are very d ifferen t from the torque rotation curve 
which is  implied to exist to make valid the conventional shear vane 
test interpretation i .e .
T( r - p ) 6 . 2 0
where
S ( r -p )  = s^ear le n g t h  assuming the clay to be 
isotropic and rig id  -  perfectly p lastic ,
X H/D, the height to diameter ra tio
and D diameter of the vane
(see Fig. 6 .3 .)
In order to determine the relationship between anc* ^P
which is the 're a l' shear strength of the clay, the two functions 
representing the same measured torque are equated.
1. The strain-softening properties of the clay, and
2. The ra tio  of the vane dimensions,H/D.
This function may be regarded as a factor JLIp, a progressive 
fa ilu re  factor which relates the 'r e a l1peak strength which is a 
property of the clay to an apparent shear strength S r^  j which is  
calculated from a relationship which assumes the clay to be isotropic  
and rig id , perfect p lastic .
V - p ) = T( p - f )
6.2
6.21
From this equation a ra tio  may be found
6.22
which relates the ratio  Sp/S^r _p j to parameters which describe
i .e. SP = ^P s( r - P ) 6.23
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FIG.6.9 :SHEAR VANE CORRECTION FACTOR FOR PROGRESSIVE FAILURE PLOTTED AGAINST K1/K2
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F!G.5.10:SHEAR VANE CORRECTION FACTOR FOR PROGRESSIVE FAILURE PLOTTED AGAINST K1/K2
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Fig. 6.9 shows JLip plotted against K-j/K2 for H/D = 1 and R, the 
degree of anisotropy = 1.
For K-|/K2 greater than 1000, JLip tends to unity. This is anticipated 
as the clay would be acting v ir tu a lly  as non-strain softening hence the 
shear stress distribution would eventually approximate that of a rig id  
plastic condition.
>Up has an upper lim iting value of 1.068 for K^/K2 less than 
approximately 3. Therefore:
'-SpfK-j/Kg = 1.0) = S( r _ p) X 1.608 6.24
This applies for a ll values of the sensitiv ity  (Se) greater than 1.068.
where
I t  has been determined that
TJp = Se for any K-j/K2 ratio  fo r a ll values of Se less 
than Tjp(K-j/K2 = 0 .1 ) /JUp(K-j/K2 > 1000).
This is true as the residual shear stress is  very rapidly reached 
a fte r the peak shear strength has been mobilised. This results in a 
shear stress distribution being generated which is rectangular in shape 
and smaller in magnitude than the rig id  plastic case by the amount of 
the brittleness index. Therefore;
T(p-f) = (i - iB) V - p )  \  6-2
for values of Ig within the lim its  given.
For a ll values of Se greater than
Xlp(K-j/K2 = 0 .1 ) /JUp(K-j/K2 > 1000) determined for the
particular H/D ra tio , Xip may be obtained from the chart showing the 
relationship between TJp and K^/K2 .
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FIG.6.11 .-SHEAR VANE CORRECTION FACTOR FOR PROGRESSIVE FAILURE PLOTTED AGAINST K1/K2
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FIG.6.12-.SHEAR VANE CORRECTION FACTOR FOR PROGRESSIVE FAILURE PLOTTED AGAINST K1/K2
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Fig. 6.10 shows the relationship between Up and K-j/l^ between 
the lim its  0.1 and 1000 for H/D ratios between 0.5 and 4.
6.7 PROGRESSIVE FAILURE FACTOR Up AND R, THE DEGREE OF ANISOTROPY
The derivation of the function
T( P- f )  = 6*19
to describe the torque measured on a rectangular vane in a s tra in - 
softening anisotropic soil assumed the value Sp to be equal to the 
'true ' peak shear strength shearing the soil in the horizontal plane.
i .e .  Sp = Sp^  (anisotropic clay)
Figs. 6.11 to 6.14 show the relationship betweenJUp and K-j/l^ 
for various H/D ratios in anisotropic soils having a degree of
ansiotropy, R = 0 .5 , 1 .5 , 2.0 and 4.0.
To determine the value of Sp^  in each case, the factor JUp is 
applied to S calculated from the conventional in terpretation of the 
measured torque assuming an isotropic non-strain softening soil 
behaviour.
SpV may be found subsequently from
R = Spv/SpH (Menzies & Mai ley , 1976).
Again i t  may be seen from each of the curves re lating  Up to
Ki/ !< 2  for various H/D ratios that Up has an upper lim iting  value. The
factors are insensitive to the magnitude of the se n s itiv ity , Se, of the 
soil for a ll values of Se greater than the ra tio
U p ^ / I ^  = 0 .1 ) /Up (ly K g  > 1000)
Up for K-|/l<2 > 1000 in the case R = 1 is in fact tending to 
unity as this case, as previously stated, approximates a non-strain 
softening soil condition.
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FIG.6.14:SHEAR VANE CORRECTION FACTOR FOR PROGRESSIVE FAILURE PLOTTED AGAINST K1/K2
>Up(K-j/K  ^ > 1 0 0 0 ) for any anisotropic case may be more 
conveniently determined from the relationship
= (3 R X + 1V  6-26
This is derived from equating T(1sotrop1c) to T(iln1sotrop1c)
measured in a rig id -perfect plastic clay.
Where;
3
^(r - p )(isotropic) " ^ (r - p )(iso trop ic)770 6.27
and T( r -  p)(anisotropic) " S(r  -  p)(anisotropic)770 8 ..28
Therefore with knowledge of the degree of anisotropy, R,
K-j/Kg Fig. 6.9 to 6.14 may be used to determine JUp and hence Sp  ^ and 
Spr for soils having a degree of anisotropy between 0.5 and 2.5 .
Although the relationship between R and JUp is not lin ea r, the 
value of TJp for any degree of anisotropy, R between the values for
which the charts have been drawn up, may be reasonably assessed by
interpolation. This is illu s tra ted  in the case of East Brent,
Somerset in Section 6.10.
Philips and May (1967) conducted direct shear box tests on dense 
sand samples poured in d ifferen t directions to the shearing plane. 
Typical results are shown in Fig. 6.16. The three curves re fle c t the 
stress-strain relationships of the three shearing modes shown in 
Fig. 6.15.
I t  can be seen that the strain-hardening portions of a ll three 
curves are sim ilar. Whilst there is a s light variation in the slopes 
of the strain-softening portions the curves may be described in terms 
of the same K-j and factors. The brittleness indices displayed by 
the three specimens shown in Fig. 6.16 are respectively 0.43, 0.42 and
0.42.
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FfG.6.15 : THE THREE SHEARING MODES
Although the technique adopted by Philips and May showed that 
the sand had a degree of strength anisotropy with respect to the 
direction of pouring into the mould of approximately 1.27, the stress- 
strain relationship of the specimen in each case did not vary.
This parametric study of progressive fa ilu re  on both the 
rectangular and diamond vanes has assumed ( 1 ) that the peak shear 
strengths in the vertical and horizontal shearing directions are
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mobilised simultaneously, and (2) that the material displays the same 
brittleness index in both the vertical and horizontal shearing planes.
Shear
stress
kNl m
70
mm displacement
FIG 6.16: SHEAR STRESS DISPLACEMENT RELATIONSHIP OF SHEAR BOX
TESTS SHEARED AT VARIOUS ANGLES TO THE PLANE OF
DEPOSITION, (after PHILIPS AND MAY, 1967]
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6 .8  THE INFLUENCE OF PROGRESSIVE FAILURE ON THE DIAMOND VANE
6.8.1 The shear stress distribution
The shear vane test using a diamond shears the clay on two 
circumscribing conical surfaces with the cones having a common base.
The concept was introduced by Aas (1967) who carried out shear tests 
using a diamond vane making an angle of 45° to the axis of rotation.
The soil was assumed to behave as a r ig id -p la s tic  medium and a uniform 
shear stress distribution was assumed giving
T(r-p)(diamond vane) = "e^Sin'^ a0,       6.29
where a is the angle the shearing plane makes with the m aterial.
As i t  is assumed that the soil is isotropic with respect to Ig , K] 
and l<2 the same development of shear stress distribution with displacement 
may be adopted in the case of the diamond vane as was determined fo r the 
rectangular vane.
6 .8 .2 . Mathematical functions derived to represent the torque-rotation  
relationship
The relationship between the development of the shear stress 
distribution and the angle of rotation of the vane is developed in the 
same way as i t  was for the rectangular vane bearing in mind that the 
distance D is measured horizontally, w hilst the shear stress is developed 
on a plane at an angle of 90-a to the horizontal.
The same notation has been adopted to express the torque in terms 
of the strain-softening parameters as in the case of the rectangular vane.
The study on the effects of progressive fa ilu re  on diamond vane 
blades has assumed the soil to be isotropic with respect to strength and 
deformation characteristics, as this in no way affects the study. The 
ratio  Sp/S(r-p) fo r a ll phases of strain-softening is independent of the 
angle a .
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i Case i
RI
Case ii
Sr<S<Sj
S=S/~
II rp
rr
FIG.6.17: THE THREE PHASES OF SHEAR 
STRESS DISTRIBUTION MOBILISED ON T HE 
EDGES OF A DIAMOND VANE BLADE.
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(a) Phase I
The form o f the shear s tress  d is t r ib u t io n  is  shown in  F ig . 6 .1 7 ( i)
The torque T may be expressed as:
K-, <50 d\
T, .. , N = — — —  6.30(diamond) 1&sina
and the peak shear strength is mobilised when
2'D'
K1
(b) Phase I I
The form of the shear stress distribution is shown in 
Fig. 6.17( i i )
The torque T may be expressed as
_  ,4 / 7  0 7 4x X
(diamond) = ( K 1 + ^  ^
This function is valid within the lim its
^  < 6 0  .< f ^ (  KV I B + k2 )
(c) Phase I I I
The form of the shear stress distribution is shown in 
Fig. 6 .17(i i i )
The torque T may be expressed as
T(diamond) ~  [  69 ((4ZM3 -Z 4  + K,) -  K.M4) 6.32
V I ina
O I ' ' 3
B (1 - IB) 1 1 2
This function is valid  within the lim its
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(X
D
U
I) l/l
^  r B + K2  ^ < 6 6
The torque rotation relationship for the diamond vane may how 
be plotted for a soil having any value of and Ig.
Fig. 6.18 shows a typical normalised torque-rotation relationship  
for a test using a diamond vane having blade edges at any angle a to 
the v e rt ic a l.
I t  may be seen from Fig. 6.18 and 6.7 that the torque-rotation  
relationship for the diamond vane test is much smoother than the same 
curve fo r the rectangle vane test. This is due to the discontinuous 
shape of the idealised shear stress-displacement relationship shown in 
Fig. 6.2 and the large contribution to torque of the shear stress 
distribution on the vertical edge o f the rectangular vane. (92.3% of 
the total torque in the case of the rectangular vane having H/D = 4 ).
Curves f o r  diamond vanes o f  any  
a n g l e a  1 pha.
0 .8  -
0. 6
0: 4
THETA/THETA(max)
F I G . 6 .18 :  NORMALISED TORQUE-ROTATION RELATIONSHIPS 
OF CLAYS HAVING K1/K2 = 10.
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6.9 THE INFLUENCE OF PROGRESSIVE FAILURE ON THE TORQUE MEASURED
ON THE DIAMOND VANE AND.'THE CALCULATION OF. Sp, ' THE' 1 REAL 
SHEAR STRENGTH
By equating the torque T^r _p j and T ^ _ ^ j  a relationship is 
derived as follows
6.33
^p(diamond vane)
Fig. 6.19 shows the relationship between.JUp(diamond vane) and
Kl/^2’ diamond vane measures the shear strength on one plane only
no account of anisotropy need be taken.
The value ofJUp is insensitive to the magnitude o f the brittleness  
index of the clay between the lim its of K /^K  ^ = 0.1 and K /^Kg =1000  
for a ll values of brittleness index greater than 0.24 (Se = 1 .32).
For values of the brittleness index less than 0.24 the value of 
JUp may be found from the equation
The shear stress distribution becomes rectangular with increasing 
rotation at a constant shear stress of Sr, the residual strength. The 
torque generated from this shear stress distribution is proportional to 
the magnitude of the constant shear stress which is  at th is  stage
^ P *  -  j - z - j 6.34
B
Sr = Sp(l -  I B) 6.35
i .e
6.36
which may be represented as
T(p- f ) 6.376 Si n a
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equating this to equation 6.29 i t  follows that;
6.38
which may be expressed
6.39
6.10 THE APPLICATION OF THE PROGRESSIVE FAILURE FACTOR AND 
ITS INFLUENCE ON FIELD TESTS
Based on the idealised shear stress-displacement relationship  
in Fig. 6.2 charts are presented which allow the 'tru e 1 shear strength 
of the clay, Sp, to be found from the measurement of torque in a shear 
vane test using a rectangular or diamond vane.
These charts have been extended to fa c il ita te  the computation of 
the shear strength in the horizontal and vertical planes. The value 
° f  S(r _p) computed from the conventional interpretation of torque
(assuming strength isotropy) is m ultiplied by the factor in the
appropriate chart to obtain Sp^  d irec tly . With the prior knowledge of 
R, the degree of anisotropy, Spy may be found.
From a study of the charts the following observations are made:-
1. The ratio  JUp( K-j/K  ^ = 0.1) to Up(K-j/K2 = 1000) is higher for
decreasing values of R, the degree of anisotropy. Therefore the
greater the contribution the horizontal shear stress distribution
makes to the total torque, the greater the progressive fa ilu re
effec t on the determination of S,
(P “ f )
2. The lower the H/D ratio  the more sensitive the shear vane is to
progressive fa ilu re .
Table 6.1 shows the values oftlpfK^/K^ = 0.1 )/Up(K^/K2 = 1000) for 
values of R and H/D.
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TABLE 6.1 Values.of AJp(Ki/K2 = 0.1 )/JUp(Ki/K2 = 1000) for
various R arid H/D values
R H/D
0.5 1 2 4
0.5 1.163 1.107 1.064 1.035
1 1.107 1.064 1.035 1.018
2 1,064 1.035 1.018 1.009
2.5 1.035 1.018 . . 1.009 1.007
I t  can be seen that an error of 0.7% can be expected between 
and S( r _ p) when testing in a soil having R = 2.5 with a vane 
having an H/D ratio  of 4. Conversely, at the other end of the range 
of anisotropy considered (R = 0 .5 )  a test using a vane having an 
H/D ratio  of 0.5 w ill reveal a 16.3% difference between S^p _ ^  and
S(r " P ) ’
. 4
R=l. 0
. 3
1
0
1000100100. 1 1. 0
Stra i n — softeni ng R atio K1/K2 
FIG.6.19: SHEAR VANE CORRECTION FACTOR FOR PROGRESSIVE FAILURE PLOTTED AGAINST K1/K2  
-  FOR DIAMOND SHEAR VANES.-
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The diamond vanes are particu larly  sensitive to progressive 
fa ilu re . Fig. 6.19 shows that for = 0.1 an underestimate
of 32% may be expected in the evaluation of from the
conventional analysis.
3. For a ll the values of R, considered in this study the vane least
affected by progressive fa ilu re  has an H/D ratio  of 4. The
contribution to the torque of the horizontal shear stress 
distribution decreases with increasing H/D ra tio , therefore any 
changes in the stress distribution across the top of vanes having 
larger H/D ratios w ill have l i t t l e  effect onthe torque.
The measurement of strength anisotropy by the vane has been 
attempted in two ways, by
1) considering two torque measurements using two vanes having
differen t H/D ratio  (Aas, 1965), and by
2) considering the polar distribution of shear strength measured
at various angles to the vertical by means of the diamond vane 
(Menzies & Mai ley, 1976).
The correction chart for the influence of progressive fa ilu re  
on the diamond vane.shows that the factor XJp is independent of the 
angle of shearing the clay, (a ). Although the shear strength in each 
case is underestimated the polar relationship between the shear strengths 
measured at various angles remains unchanged. The degree of anisotropy 
may be determined then by means of a polar regression.
The Aas (1965) method, however, is influenced by progressive 
fa ilu re . I t  has been shown that the shear strength is underestimated 
to a varying degree for each vane having a d iffe ren t H/D ra tio .
I f  a degree of anisotropy determination using Aas (1965) method 
is considered as shown in Fig. 6.20, the value of R w ill vary depending 
on the vanes used. The solid line representing the relationship
[2/(irD2 H)]M = Sv + SH (1 /3D /H ) 6.40
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is drawn assuming
= SH (p - f ) 6.41
i .e .  the 're a l' peak shear strength in the s o il. The dotted lines show 
the same relationship where the torque is  the torque measured taking 
into account progressive fa ilu re .
Fig. 6.21, 6.22 and 6.23 show how the ra tio  R(apparent)/R(real) 
varies with the choice of vanes to determine the anisotropy of the clay. 
These figures have been drawn for a clay having K-j/l^ ra tio  of 10 and 
have been derived in the following way;
A soil is defined by determining R rea l, the real degree of 
anisotropy; K-j/I^ and 're a l' shear strength, f j *
Consider the two torques measured in this s o il, T-j and T ^  by means 
of two vanes having H/D ratios of X-j and (where H/D = X).
rigid-perfect plastic
strain softening, H/D-j -U,  H/D2=2
strain softening,H/Di =1,H/D2=05
CM
2 D/H 
05H/D
SH/Sv 0-67 
S v / S h  1-50
2
0-5
0 0-25 05 11
FIG.6.20: THE INFLUENCE OF PROGRESSIVE FAILURE DUE TO STRAIN 
SOFTENING ON THE DETERMINATION OF THE DEGREE OF 
ANISOTROPY USING THE TWO VANE METHOD. ( AAS, 1965)
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I t  is convenient to consider the diameter D to remain constant 
with the variation of H/D proportional to the variation in H.
The torques may be interpreted by the Aas (1965) method assuming 
the soil to be rig id -p la s tic  and anisotropic (see equation 6.40 above).
By defining R = Sy/S^
and X = H/D
the ra tio  of the torques may be expressed as
h  _ <X1 Apparent + V 3> 6 42
T2 A p p a r e n t  + V 3)
where and T2 are the actual torques measured and R apparent the
apparent degree of anisotropy which does not allow for progressive
fa ilu re .
However, the 'tru e 1 shear strength, does not change and
is related to the shear strength determined by the conventional analysis
by
Vf)  = ^ {X)S ( r - p )  6 -43
where U (X) is the correction factor for the particular X value. 
Therefore
s( p - f ) i  
S( P - f ) 2
1
or
1
^1 *  S(r  -  p) 1 
^2 *  S(r  - p) 2
JU2 J2 (X-j + 1 / 3 )
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where and JU^  are the progressive fa ilu re  factors relating to the 
relevant vanes and the strain-softening parameters of the s o il. I f  
T j/T 2 is substituted inequation 6.44 the following relationship is 
found
Rapparent = 1/3
>U1 (X2 + 1/3) -  JU2(X1 + 1/3)
X2JU2 (X] + 1 /3 )  -JU2 X1 (X2 + 1/3)
6.45
Although the vanes having large H/D ratios (>2) are less sensitive 
to the action of progressive fa ilu re , when used together to determine 
the degree of anisotropy, errors of up to 30% in the measurement of R 
may be found. From Fig. 6.20 i t  can be seen that this may be 
attributed to the ill-condition ing  of the graphical construction and 
that any small changes in the measured torque due to the progressive 
fa ilu re  can dramatically affect the measurement of R.
The charts presented in this chapter relate S^r _p j determined by 
the conventional interpretation of torque in the shear vane test to
the theoretical 'peak' shear strength of a strain-softening clay.
As progressive fa ilu re  is active in the fie ld  to an unknown 
degree i t  is reasonable to assume that the strengths mobilised over the 
surface of the f ie ld  prototype fa ilu re  plane are lower than S jp _ .fj.
The relationship between the shear strength as measured by the shear 
vane and the average fie ld  strength may be expressed as
Sfie ld  = ^p(field) ^ f ( t ,R )  S(r  -  p) 6.46
whereJUp is the correction factor for progressive fa ilu re  on the shear 
vane,
JUp(fieid) 1S the fie ld  progressive fa ilu re  factor 
sim ilar in some respects to Skempton's (1964) residual factor.
^ ( r - p )  1S theoretical 'peak' shear strength, and
JU f  (t,R ) is a correction factor taking into account time 
effects and anisotropy.
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FIG 6.21: REAL AND APPARENT DEGREES OF ANISOTROPY FOR 
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The action of progressive fa ilu re , in this case the result of 
the strain-softening of the clay, can be seen in Figs. 6.10 to 6.14 
to a ffec t the shear strength and degree of anisotropy measured by the 
rectangular shear vane by up to 30%. Although the diamond vane 
method should give a correct degree of anisotropy i f  a polar regression 
is f it te d  to the strengths measured at d iffe ren t angles, the actual 
shear strengths derived from the analysis assuming the soil to be 
rig id -p las tic  are underestimated by up to 32%.
Based on the torque-rotation relationships in Appendix V the 
strain-softening parameters for the Somerset levels clay at East Brent 
may be assumed as
IB = 0.5  
K.,/K2 = 10
Menzies & Mailey (1976), and Roy (1975) found the degree of 
anisotropy, R for the East Brent clay to be 1.26. A correction chart, 
Fig. 6.24 shows the relationship between JUp and JCj/l<2 for R = 1.26.
R=2.
1.3 - H/D =1.5
1. 2 -
1. 5 2. 0 2. 5
H/D RATIO -  VANE 1
4.03. 53.00.5
FIG 6.23 : REAL AND APPARENT DEGREES OF ANISOTROPY FOR 
THE TWO VANE METHOD.
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From Figs. 6.22 and 6.23 the ra tio  Rapparent/Rreal for the East Brent 
clay is found to be 1.24, i f  two vanes having H/D = 1 and 2 respectively 
are used to determine the degree of anisotropy.
This value of R apparent may be used to find the anisotropy 
correction factor 11^  which is applied to the factor of safety of an 
embankment.
From Fig. 3.29
^A(apparent) “
JJA(R = 1.26) = ° ' 89
I t  would appear that i f  the degree of anisotropy were measured by 
rectangular vanes at East Brent an apparent R of 1.56 might be expected 
leading to a lower JU^  value.
This result would tend to underestimate the factor of safety of 
the s ta b ility  of the embankment.
The progressive fa ilu re  factor is seen to be a measure of the 
influence of progressive fa ilu re  on both the shear strength and the 
degree of anisotropy, resulting in an apparent increase in both 
parameters. When applied to an embankment s ta b ility  problem the effects  
tend to counteract each other i f  the factor for anisotropy is taken 
into account. The degree to which they outweigh each others influence
depends on the brittleness and strength anisotropy of the clay.
In order to balance these opposing effects i t  is recommended that for 
strain-softening soils diamond vanes be used to determine R, the degree of
anisotropy and a rectangular shear vane having an H/D ra tio  greater than 2
be used to determine the actual shear strength of the clay.
However, i f  a more re a lis tic  solution is to be obtained for the 
problem of embankment s ta b ility  a d ifferen t approach is required.
Inspired by the work of Skempton (1964), other researchers such as 
Lambe & Whitman (1969) and to & Lee (1973) have applied the problem of
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shallow foundations to e las tic -p las tic  and e la s tic -s tra in  softening so ils . 
The concept of local p lastic flow occurring, resulting in a local shear 
fa ilu re , was incorporated in an analysis which permitted e lastic  
deformation prior to yielding.
K alteziotis (1980) extended the work of Lambe & Whitman (1969) by 
considering the load-settlement relationship of a shallow footing on a 
strain-softening soil of any brittleness index and K-j/K  ^ ra tio . Based on 
Tresca y ie ld  crite rion  a plane strain f in ite  element study was undertaken, 
resulting in a series of correction factors to be applied to the 
conventional analysis.
The influence of strain-softening should not be seen to be lim ited  
to the test model. The application in the lim it  analysis of the ‘ re a l1 
shear strength derived from a conventional shear vane interpretation  
conditioned by factors, w ill only approximate the solution. A more 
comprehensive analysis taking into account progressive fa ilu re  in the 
f ie ld  prototype is required to ensure a more accurate upper bound 
solution to the s ta b ility  of any shallow foundation.
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CHAPTER 7
7. AN OVERALL ASSESSMENT OF THE FACTORS INFLUENCING
THE INTERPRETATION OF THE SHEAR VANE TEST.
7.1 THE STATE OF THE ART
The modern shear vane test was conceived by Lyman Carlson in
1949. An intensive study of the instrument was undertaken by 
Cadling* and Odenstad (1950) the results of which formed the standard 
method of execution- and interpretation of the test until the present 
time.
The shear vane test was designed as a portable, rugged s ite  
investigation tool which could measure the undrained shear strength 
of soft clays in situ in such a way that the material was subjected 
to minimum disturbances.
I t  was recognised that the vane test was influenced by a number 
of factors which included rate of testing, strength anisotropy, 
mechanical disturbance and progressive fa ilu re . I t  was also
acknowledged that the shear strength interpretation from the vane
test did not correspond in value to strengths of the same material 
derived from d ifferen t tests such as the direct shear test and the 
tr ia x ia l tes t.
I t  was believed that the vane sheared the clay on a surface of 
rotation which was circumscribed by the blades, which rotated about 
a vertical axis. The standard vane had 4 blades of rectangular 
shapes, which were mounted about the vertical axis dividing the 
cylinder of rotation into four quadrants.
* Carlson changed his name to Cadling in 1949 (Flodin, 1979)
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Although the vane test was used with consistent success in 
Scandanavia (Anderson and Bjerrum, 1957 ; Bjerrum and Flodin, 1960) 
i t  was found that there was growing evidence that i f  the shear 
strength derived from the test were applied d irec tly  in a lim it  
(0 = 0) analysis to determine embankment s ta b ility  the factor of 
safety at fa ilu re  was overestimated.
This concern led to further research into the shear vane 
test with regard to the influence of anisotropy (Aas, 1965. 1967; 
Menzies and Mai ley , 1976), testing rate (Torstensson, 1977; Aas, 1965), 
and mechanical disturbance (La Rochelle et a l , 1973) and the shape 
and dimension of the fa ilu re  surface (Skempton, 1948; Rush, 1976; 
Donald et a l , 1977).
Theoretical investigations into the effects of anisotropy (Hansen 
and Gibson, 1949; Jakobson, 1953; Skempton, 1951 ) and mechanical 
disturbance (Ladd and Lambe, 1963) have been carried out, w hilst 
the influence of testing rate has been considered by Blight (1967) 
who described i t  as a function of the consolidation coeffic ient of 
the s o il.
In an attempt to relate the shear vane test strength to the f ie ld  
prototype factor of safety Bjerrum (1972, 1973) and la te r Menzies and 
Simons(1977) considered case studies of embankment fa ilures and found 
an empirical relationship between the p las tic ity  index, a fundamental 
property of the clay, and the factor of safety of the embankment at 
fa ilu re  based on vane test strengths. This empirical relationship  
was believed to accommodate the influences of time to fa ilu re  of the 
vane test re la tive  to the construction time of the embankment, 
strength anisotropy, and progressive fa ilu re .
Further correction factors have been developed (Menzies, 1976; 
Law, 1978) which consider strength anisotropy only.
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Although the influence of the factors mentioned above have been, 
considered theoretically  and experimentally the vane test., has 
remained substantially the same since 1949. The recommendations made 
by Cadling and Odenstad (1950) are s t i l l  adhered to , with the 
additional sophistication of the Bjerrum correction factor applied 
to the factor of safety calculated using shear vane strengths.
7.2 THE SHEAR VANE TEST - WHAT DOES IT MEASURE?
The vane test was conceived to determine the undrained shear 
strength of homogeneous saturated soft clays.
I t  was accepted that a rotation of the torque head resulted in 
a rig id -perfectly  plastic fa ilu re  on the circumscribing cylinder 
of rotation. I t  was further assumed that the clay was isotropic and 
suffered no mechanical disturbance on insertion of the vane.
This study has focused on the mechanism of fa ilu re  in the vane 
test and the determination of the degree of influence on in terpretation  
of the torque of factors such as time to fa ilu re , anisotropy and 
progressive fa ilu re .
The elements of the study may be summarised as follows;
1) The determination of the shape of the fa ilu re  surface.
2) The determination of the stress distribution on the shear 
vane blades.
3) The measurement of strength anisotropy and its  influence on 
the interpretation of the tes t.
4) The assessment of the influence of progressive fa ilu re  due 
to strain-softening on the interpretation of the shear 
vane tes t.
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5) The measurement of the effect of time to fa ilu re  in both 
rotation-controlled and torque-controlled vane tests .
6) The observation of the vane torque-rotation relationship to 
determine the presence of drainage during the te s t.
7) The application of shear vane data from a test s ite  to the
s ta b ility  analysis of a t r ia l  embankment.
8) Based on the results of the study, recommendations relating  
to the execution i and interpretation of the shear vane test 
and the application of its  results.
7.3 THE SHAPE OF THE FAILURE SURFACE
A radiographic study in fine sand has shown that the potential 
fa ilu re  surface appears in i t ia l ly  to fa l l  on a chord joining the tips  
of the vane blades in each quadrant. As the vane is rotated beyond 
10° this fa ilu re  surface becomes cylindrical and fa lls  on the
circumference drawn by the blade t ip . Strain-contours derived from
d iffe re n tia l movement of lead shot on a plane at the midpoint of the 
blades, normal to the axis, have confirmed that the growth of shear 
deformation starts at the tips of the blades, generating outwards to 
a point on the bisector of the quadrant within the c irc le  of rotation  
This e ffec t has been illu s tra ted  further by means of a photo-elastic 
model.
When the maximum torque is registered the surface of fa ilu re  
has become the cylinder of rotation of the vane blades.
7.4 THE STRESS DISTRIBUTION ON THE VANE BLADES
Physical measurements in fine sand by means of strain-gauged 
c lo s e ly -fittin g  cantilevers on the blades have shown that the 
equivalent shear stress distribution on the horizontal edges of the 
vane blade is described by an exponential function which approximates 
to a triangular d istribution . The measured stress d istribution in 
in a f ie ld  te s t, however, indicated that the exponential function 
describing the distributions of shear stress was of a higher order.
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The shear stress distribution along the vertical edge of the 
vane blade was shown to be largely rectangular with an increase at 
the tips of the blades.
Although not pronounced there was evidence of a change in the 
shape of the horizontal shear stress distribution a fte r fa ilu re  
which would suggest the action of strain-softening. After the 
shear stress measured at the outer t ip  of the horizontal blade 
edge had reached a maximum and was tending to decrease, the shear 
stresses on the two strain-gauges in the middle of the blade edge 
continued to increase. This phenomenon was not measured in a ll the 
tests. The development of shear stress with rotation in each test 
is shown in Appendix I I .
7.5 THE MEASUREMENT OF STRENGTH ANISOTROPY AND ITS INFLUENCE ON
THE INTERPRETATION OF THE TEST
The diamond vanes developed by Menzies and Simons (1977) were 
used to measure the degree of strength anisotropy at Brent Knoll.
The polar diagrams for each series of tests to determine the 
anisotropy are shown in f ig . 5.10 to f ig . 5.19. At the same 
depths vane tests were done using the standard rectangular vane.
The equivalent "isotropic" strengths calculated from the values o f 
SuH and R (Menzies, 1976) were an average of 1.5 times higher than 
the measured "isotropic" strengths using the rectangular vane and 
the conventional interpretation of torque.
This may be attributed to the fact that the diametersof the 
diamond vanes used in the study were greater than the rectangular 
vane diameters, thus involving a greater volume of material in the
tes t. The clay at Brent Knoll proved to contain a large amount of
p a rtia lly  decayed vegetable matter which may result in higher torques 
being measured on the diamond vanes.
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A correction factor for anisotropy was developed based on two 
observations.
1) The difference between the ve rtica l undrained shear strength 
SuV and the horizontal undrained shear strength SuH may be 
distributed as the square of the direction cosine (Timoshenko, 
1934; Casagrande and C a rrillo , 1944; Menzies and Mailey, 1976).
2) The shear strength measured by the 60° diamond vane corresponds 
to the isotropic shear strength measured by the rectangular 
vane factored by the Bjerrum correction factor. This correction 
factor has been compared with sim ilar factors developed by 
Menzies (1976) and Law (1978). The comparison is shown in
f ig . 3 .3 .4 .
7.6 THE INFLUENCE OF PROGRESSIVE FAILURE DUE TO STRAIN-SOFTENING 
ON THE INTERPRETATION OF THE VANE TEST
A mathematical model simulating a strain-softening mechanism in 
a clay was devised and applied to the shear vane test. The 
magnitude of the shear stresses at any point on the shear vane blades 
was calculated from the relationship  
S = f  (rde, K1# K2) 
where Kj and K2 are the rates of strain-hardening and strain-softening,
and rde is the linear deformation applied to the clay at any point
r along the radius of the vane blade edge.
I t  was found that the action of strain-softening may cause a 
progressive fa ilu re  e ffect on the blade edges. I f  the shear strength 
were determined from the measured torque by the conventional 
interpretation assuming a rig id -perfect plastic fa ilu re  relationship, 
the true shear strength S (p-f) or S (real) is underestimated by up to 
about 18% in the case of a soil having R = 0.5 being tested with a 
vane having an H/q ra tio  = 0.5.
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The higher the values of R and the H/d ra tio , the less the shear 
strength is underestimated. Charts to show the influence of 
progressive fa ilu re  have been constructed and are shown in f ig . 6.9 
to f ig . 6.13.
The diamond vane appears to be very susceptible to the 
influences of progressive fa ilu re . From fig . 6.15 i t  may be seen 
that in very b r it t le  soils the theoretical shear strength may be 
underestimated by as much as 32%.
Rectangular vanes have also been used to determine the degree 
of strength anisotropy. (Aas, 1965). As vanes having d ifferen t H / d  
ratios are influenced by varying degrees by progressive fa ilu re  
i t  follows that i f  d iffe ren t combinations of shear vanes are used 
to determine the degree of anisotropy, the results would vary according 
to the degree of influence of progressive fa ilu re . I t  can be seen 
in f ig . 6.12 to 6.23 that i f  2 vanes having high values of H / d  ra tio  
are used to determine the degree of anisotropy i t  would be overestimated 
by about 30%. This is due to the ill-conditioned nature of the 
construction to determine R (see f ig . 6 .20).
The diamond vanes are influenced by progressive fa ilu re  to an 
equal degree, which results in a correct assessment of the degree of 
anisotropy but an underestimate in the absolute values of the 
theoretical peak strength.
7.7 THE INFLUENCE OF TIME TO FAILURE IN ROTATION-CONTROLLED AND
TORQUE-CONTROLLED VANE TESTS
I t  has been found that there is a decrease in strength with an 
increase in time to fa ilu re  in rotation-controlled tests . From a 
regression analysis a relationship between time to fa ilu re  and shear 
strength of the following form was found
S = 46.81e~ °*086 lnT
where S = shear strength
and T = time to fa ilu re .
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From this relationship i t  may be seen that a decrease of 
45% may be expected i f  the time to fa ilu re  were increased from 
the standard test time by one thousand times.
No correlation was found between time to fa ilu re  and measured
shear strength in the torque-controlled tests. Probably a ll torque- 
controlled tests approximated to the fast-ra te  rotation-controlled  
tests a t fa ilu re  and the scatter in the results was due to non­
uniformity in the m aterial.
An increase in strength was found i f  the vane was allowed to 
rest in the ground for a period prior to testing. For the Brent 
Knoll clay, i t  was found that most o f the strength increase 
occurred during the f i r s t  two hours of consolidation.
A study Of the normalised torque-rotation curves showed that
they did not change substantially in either the rotation or torque 
controlled tests with a large change in time to fa ilu re . A 
steepening of the in i t ia l  strain-hardening portion of the curves 
was observed with increase in time to fa ilu re . This suggested 
that partia l drainage was taking place.
The variation in E values determined by the method of Madhav 
and Krishna (1977) was not great and proved to be one th ird  the 
magnitude of the deformation modulus found by the undrained 
tr ia x ia l te s ts . .
7.8 APPLICATION TO THE STABILITY ANALYSIS OF THE BRENT KNOLL
TRIAL EMBANKMENT
The Brent Knoll t r ia l  embankment was reanalysed using a to ta l 
stress lim it analysis and an equivalent bearing capacity analysis.
The minimum factor of safety based on a strength with depth 
p ro file  determined by McKenna (1968) was found to vary between
1.09 and 1.20 depending on the strengths adopted for the desiccated 
crust and the O.D. peat layer. The fin a l factors of safety a fte r  
correction for time effects and anisotropy were found to be 0.82 
and 0.92 repectively.
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Further adjustments to the strength p ro file  could have been 
made taking into account the fact that the shear vane measurements 
were taken a fte r the embankment had fa iled  and the results may 
conceivably have been influenced by the zone of disturbance at the 
toe of the fa ilu re .
7.9 RECOMMENDATIONS FOR THE EXECUTION AND INTERPRETATION OF THE
SHEAR VANE TEST AND THE APPLICATION OF THE RESULTS
Based on the findings of this study recommendations are 
presented which relate to the three stages of application of the 
shear vane te s t. The three stages may be described as,
1) the choice of instrument and the execution of the te s t,
2) the interpretation of the torque, and
3) the application of the shear vane strength to the lim it  
s ta b ility  analysis.
7.9.1 The choice of the instrument and the execution of the test
a) A torque-head should be used which is driven by a motor and 
which is able to monitor continuously the torque-rotation 
relationship. A data logging system and a small process- 
controller which can maintain a constant rate of rotation  
on the vane i ts e lf  should be part of the system. This w ill  
ensure that the shear vane test is executed as a tru ly  
constant rate of strain te s t, thus reducing the effects of 
changing strain  rates on the vane strength.
b) In order to reduce the e ffec t of stress r e l ie f  on the specimen 
of soil to be tested the overburden above the test level 
should not be removed in order to gain access with the vane 
test r ig . A small borehole, s u ffic ien tly  deep to accommodate 
the vane, should be sunk to a level above the tes t level so
as to cause no disturbance to the test specimen. Experience 
has shown that the recommended distance of 3 times the diameter 
of the boreholes (Cadling and Odenstad, 1950) for tests in
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insensitive clays is adequate. Tests in sensitive clays 
should be carried out at a distance of 5 times the diameter 
o f the borehole below the bottom of the borehole.
c) The borehole should be bored by some motorised auger to 
reduce the period of time that the borehole is required 
to remain open. Wash boring should not be used as this  
tends to set up unnecessarily high pore-pressures 
especially in clays which have large numbers of roo tle t 
holes.
d) The vane should be pressed into the ground e ither by hand
or by some mechanical means. Beating the vane into position 
again generates mechanical disturbance in the soil and 
excess pore pressures.
e) The torque head and monitoring equipment should be set up 
immediately a fte r the vane has been inserted into the 
ground. This w ill ensure that i f  the vane were subjected 
to s light movement during the assembly of the equipment 
any pore pressures generated would be able to dissipate 
during the consolidation period.
f )  Care should be taken to press the vane into the ground 
ve rtica lly  i f  no metal shoe or guide is present. This 
eliminates the possib ility  of the strength in other than 
the vertical and horizontal planes being measured. I f  no 
guides are available and the hole is uncased, slot-type  
jo ints between the vane rods should be used as they act 
to a limited extent as universal jo ints and prevent the 
vane rotating about any other axis apart from its  own.
g) The shear vane should be allowed to consolidate fo r .a 
period of 2 hours to allow the dissipation of any excess 
pore-pressures set up by the movement of the vane into  
the ground.
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h) The test should be undertaken at a constant rate of vane 
rotation. This would entail the torque and vane rods to be 
calibrated against a dead-load for tw ist. This tw ist should 
be taken into account by the unit driving the torque-head.
i )  Although the rate of rotation of 0.1 degree/sec was chosen 
as a matter of convenience, there appears to be no advantage 
in changing i t  considering that much research has been done 
based on tests undertaken at this rate of rotation. Records 
of case studies and correction charts are based on the 
standard rate of rotation.
j )  In order to reduce the scale effects in non-homogeneous clays 
the largest vane practicable should be used to determine Su.
As a standard size for lig h tly  overconsolidated clays of the 
type found in the Somerset levels (Su approximately 40 kpa) 
a vane having the dimensions H = 360 mm and D = 120 mm 
(H /d = 3) should be used.
k) At a ll times the vane should be kept in good condition with 
no jagged or rough edges to promote disturbance of the clay 
during insertion.
7.9.2 Interpretation of the shear vane data
The data derived from the test are torque, rotation and time.
From these torque-rotation and time-rotation relationships may be 
constructed. The torque should be interpretated in the following way.
a) The conventional interpretation of the torque should be used 
to determine the shear strength, i .e .
Su = 6
7rDa( 1+3X)
where Su = undrained shear strength.
D = diameter of the vane.
X = H/d ra tio .
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b) Once the shear strength Su has been determined, in order 
to condition i t  for use in the lim it analysis i t  should 
be m ultiplied by the correction factor for time e ffec t 
(ug) and anisotropy (p/\).
Although the stress distribution has been found to be more 
triangular than rectangular and that progressive fa ilu re  
influences the result of the vane te s t, the conventional 
analysis should s t i l l  be adopted i f  the shear strength is 
to beCondit io nedby and yg. Both yA and UB are based 
on the conventional interpretation of the torque. The 
fie ld  strength would emerge as,
^ (fie ld ) “ PA x yB x ^(vane)
c) Since the influence of progressive fa ilu re  is reduced i f  
vanes of greater H/p ratios are used, a vane having an h/ d 
ra tio  of 3 or 4 should be used particu larly  in stra in - 
softening so ils , i .e .  lig h tly  to heavily over-consolidated 
clays.
d) The diamond vanes only should be used to determine strength 
anisotropy. A minimum of 4 vanes should be used, (20°, 30°, 
45°, 60°) and the polar regression derived from the 
relationship proposed by Casagrande and C arrillo  (1944), and 
Menzies and Mai ley (1976), applied to the measurements to 
determine SuH, SuV and R.
e) The torque-rotation relationship may be used to determine 
the "vane sensitiv ity" of the clay and its  strain-softening  
characteristics K1/K29 by measuring respectively the ra tio  
of maximum torque to ultimate torque and the ra tio  of the 
slopes of the strain-hardening and strain-softening portions 
of the torque-rotation relationship. This w ill give an
idea of what strains are required to reduce the shear strength 
of the material to an ultimate, strength.
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7.10 APPLICATION OF THE SHEAR VANE STRENGTH TO A FIELD STABILITY
PROBLEM
Although research has revealed more details on the fa ilu re  
mechanism and stress distributions in the shear vane te s t, i t  
should be recognised that the shear vane tes t is s t i l l  an index 
te s t, the results of which do not d irec tly  re late to the behaviour 
of the f ie ld  prototype.
The only published relationship which relates the shear vane 
strength to the f ie ld  prototype average strength is the empirical 
one proposed by Bjerrum (1972). This was derived from relating  
factors of safety of fa iled  embankments to a fundamental property 
of the clay, the p la s tic ity  index. The factor of safety was 
determined as the minimum factor of safety on the c r it ic a l c irc le  
taking into account the strength p ro file  of the clay measured by 
the vane and the height of the fa iled  embankment.
The Bjerrum correction factor may be regarded as an omnibus 
correction factor as i t  relates the results of case studies, i .e .  
the fa iled  embankment, to the primary data taken from f ie ld ,  i .e .  
the measured vane strength and the p la s tic ity  index.
I t  is considered that the predominant influence catered for in 
the Bjerrum correction factor is that of the test rate e ffe c t. The 
p las tic ity  index, being a property of the remoulded material is  
conceivably more a measure of the clays time dependent behaviour 
than strength anisotropy. For this reason i t  is f e l t  logical 
that the anisotropy should be taken into account separately by means 
of the anisotropy correction factor.
Inasmuch as progressive fa ilu re  apparently influences the fa ilu re  
mechanism in the shear vane te s t, i t  is conceivable that the same 
strain-j-softening behaviour influences the s ta b il ity  of the f ie ld  
prototype (K a ltezio tis , 1980). I t  is not suggested that the 
progressive fa ilu re  factors presented in this study may be applied 
to the fie ld  prototype. At the point of fa ilu re  i t  is quite certain  
that the mobilised average strength over the length of the fa ilu re  
surface is lower than the maximum measured (Skempton, 1964).
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The low coeffic ient of correlation of the empirical Bjerrum 
correction factor ( r 2 = 0.76) and the variation in test results 
from the strain and torque controlled tests at Brent Knoll are 
evidence of the in trin s ic  non-homogeneous nature of most so ils .
In order that the s ta b ility  of an embankment may be assessed with 
some confidence using vane strengths as primary f ie ld  data the 
following factors should be seriously considered:
i)  Precedent in design. Similar structures in the area and 
on sim ilar material should be examined.
i i )  The variation of strength with depth should be carefu lly  
examined. Any discontinuities should be examined with care.
I f  the foundation is suspected to be very non-homogeneous, 
then a large number of shear vane tests should be considered,
i i i )  The settlement behaviour of the foundation material should be 
examined in the lig h t of the possib ility  of strain-softening  
of the clay. This could lead to premature fa ilu re  due to 
loss of strength when the clay is subjected to large Strains.
Until such time as the lim it analysis is replaced with a more 
re a lis tic  approach to the assessment of the s ta b ility  of shallow 
foundations such as the embankment, the shear strength data applied 
to i t  should be applied in a consistent manner. Although the vane 
shear strength does not re fle c t the actual strength mobilised in the 
f ie ld , nor does the lim it analysis describe the actual behaviour of 
an embankment during fa ilu re , the analysis is acceptable so long as 
i t  is applied consistently and with due recognition of factors which 
have been shown empirically to have an influence on its  resu lt.
The shear vane test has been shown to be a re liab le  soils 
investigation tool capable of achieving a high degree of repeatab ility  
in results. I t  has the advantage of minimising the influence of stress 
and disturbance of the test zone whilst with reasonable care consistent 
results may be achieved. Its  use as a means of predicting soil strength 
and deformation properties should continue provided that an understanding 
of the present lim itations in its  application are appreciated and 
further research is undertaken to relate the strengths interpretated . 
from the test to the fie ld  prototype s ta b ility .
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7.11 SUGGESTIONS FOR FURTHER RESEARCH
Further research into the shear vane may proceed profitab ly in 
two directions:
i )  a better understanding of the mechanism in operation during 
a shear vane te s t, and
i i )  a rational way of relating the results of the shear vane 
test to the lim it analysis or any other improved approach 
to assess s ta b ility .
An improved understanding of the shear vane test may include research 
in the following areas:
i )  The prediction and measurement of pore-pressure on the fa ilu re  
surface and its  influence on the measured torque.
i i )  The use of vanes with more than 4 blades and the e ffec t on soil 
disturbance and measured strength.
i i i )  The effect of vane size (having a constant H/g ra tio ) on the 
measured strength.
iv ) The distribution of shear stress over the surface of each 
quadrant.
v) Examine the shear vane test in terms of work done and energy 
dissipated in shearing the so il.
The relationship of the shear vane strength and the behaviour 
of the fie ld  prototype may be examined in the following ways:
i )  The s ta b ility  of an embankment may be analysed in terms of 
stress and strain fie lds to which the results of the shear vane 
test may be applied.
260
i i )  The factors of safety of case studies may be related to the 
vane strain-softening parameter K1/Kz instead of the 
p la s tic ity  index.
i i i )  A means of incorporating the theoretical "peak" shear strength 
into a s ta b ility  analysis which takes into account s tra in - 
softening may be investigated.
7.12 THE SHEAR VANE TEST - THE STUDY IN RETROSPECT
Numerous published work (eg. Ladd,1964 ; Poulos, 1978; Menzies 
and Sutton, 1979) indicate strongly that the dual disturbances of 
sampling viz mechanical disruption and stress r e l ie f ,  do irreparable  
harm to the soil test specimen. This disturbance may be p a rtia lly  
healed by good sampling techniques and by advanced stress-path testing. 
From the point of view of commercial testing however, these techniques 
are yet some years in the future. Accordingly the use of the in situ  
shear vane test holds out the best hope for the interim because a 
shear vane inserted well below the bottom of an augered borehole 
probably causes very l i t t l e  disturbance (eg. Simons, 1976; Shamash, 1969 ) .
Since the shear vane was invented over ha lf a century ago the 
conventional interpretation has changed l i t t l e  from the r ig id -id e a lly  
plastic idealisation of the soil model. The modification for the 
influence of anisotropy proposed by Aas (1967) has had l i t t l e  e ffec t 
and is probably erroneous. The empirical correction devised by Bjerrum 
has represented the most significant contribution to the application of 
shear vane resu lts .
In view of the fact that 50 years of shear vane data exist as a 
deposit of knowledge from case records, the conventional in terpretation  
of the shear vane test should be carefully examined so that the influences 
of shape and size of shear zone, testing ra te , anisotropy, progressive 
fa ilu re , creep, etc. may be quantified. This approach w ill enable the 
vast store of vane test data accumulated over many years to be tapped 
and assessed for the fundamental soil properties embedded therein.
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The work described in this thesis has sought to place the 
interpretation of the shear vane on a base of observed and verified  
behaviour. Accordingly, the size and shape of the zone of shear was 
examined both radi©graphically and photoelastically, and i t  was shown 
that the assumption of a circumscribing cylindrical surface zone of 
shear is a close working approximation, certain ly at angular rotations 
when maximum torque is mobilised.
The uniqueness of the cylindrical surface of shear was confirmed 
by carrying out tests using an instrumented vane which allowed the 
magnitude and d istribution of shear stress to be measured at the blade 
edges. By comparing measured torques with the f i r s t  moment of areas 
of the shear stress distributions i t  was shown th a t, within engineering 
lim its , the shear was concentrated at the blade edges.
The instrumented vane allowed the shape of the shear stress 
distributions to be measured. Broadly, these measurements confirmed 
the prediction of analytical studies (Donald et a l ,  1977), and in 
particular showed that the corner of the blade edge is a singular 
point where stress is concentrated and shear d istortion increased.
The measurements demonstrated further that soil non-homogeneity may 
exist at a micro level with the geological deposition of each annual 
season having its  own particular character and e ffec t which is normally 
intergrated over the length of the vane blade.
An analytical study was carried out on the influence of progressive 
fa ilu re  on the conventional interpretation of the shear vane. A "real" 
soil was modelled having a shear stress displacement relationship of the 
strain hardening - strain softening type. The susceptib ility  of the 
soil model to progressive fa ilu re  was assessed by the stain softening 
ra tio  of the slope of the strain hardening portion to the slope of the 
strain softening portion. I t  was shown that the apparent strength 
derived from the conventional r ig id -id e a lly  p lastic  in terpretation  
could be up to 18% in error. The implication o f this e ffec t was 
considered for the method of obtaining strength anisotropy by using 
vanes of d iffe ren t height to diameter ratios. I t  was shown also that 
using the two vane method, for example, could lead to an error in the 
deduced degree of undrained strength anisotropy of up to 30%. C learly, 
the e ffect of progressive fa ilu re  in strain softening soils has a 
major influence on the interpretation of the shear vane.
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A fie ld  study to examine the influence of testing rate was 
undertaken adjacent to the s ite  of the East Brent t r ia l  embankment 
at Brent Knoll on the M5 motorway in Somerset, The shear vane was 
motorised and the speed controlled electronically to allow the 
application of a wide range of constant rates of angular rotations, 
constant torques and constant rates of change of torque. I t  was 
shown that for Brent Knoll clay the strength was reduced with time 
to undrained fa ilu re  by up to 45%. I t  was shown further that 
sustained application of constant torques mobilising shear stresses 
below the undrained shear strength could cause creep and subsequent 
y ie ld .
The back analysis of the East Brent t r ia l  embankment has emphasised 
the enormous gap that s t i l l  exists between the generation of good data 
relating to soil strength and deformability on the one hand, and the 
application of such data in a re a lis tic  s ta b ility  analysis on the other 
hand. Here the application of the lim it analysis based on a r ig id -  
plastic idealisation of the soil is patently erroneous and must be 
corrected for the influence of progressive fa ilu re  (K a ltez io tis , 1980).
In conclusion i t  may be seen that the influences on the shear 
vane suggested by Bjerrum v iz . anisotropy, testing rate and progressive 
fa ilu re , may each operate in such a way as to cause the vane strength 
to d iffe r  s ign ifican tly  from the fie ld  strength. C learly, these 
influences operate together both on the vane test model and on the f ie ld  
prototype. That the fie ld  s ta b ility  is nevertheless in many cases closely 
approximated to (within say 20% as shown in f ig . 3.27 giving the 
Bjerrum correction factor) demonstrates that either these three influences 
h is to rica lly  have not operated together at th e ir maximum extents, or 
that to a large extent th e ir influence on the shear vane is broadly 
sim ilar to the ir influence on the f ie ld  prototype. I f  i t  is the la t te r ,  
then geotechnical engineering has been blessed with a fortu itously  
appropriate tes t.
But such a view, perhaps commonly held in the past, may be erroneous. 
Certainly the factors affecting the shear vane may compensate each other
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in such a way that the f ie ld  prototype performance is simulated broadly 
and so a reasonable average design strength is attainable in many cases. 
The method is highly empirical, however, and these compensating factors 
are in no way controlled or controllable. I t  is therefore quite 
possible for the resulting design to be either unsafe or highly over­
conservative, particu larly  in view of the large scatter normally found 
in the data (Ladd & Foott, 1974). Accordingly, the various influences 
affecting the acquisition, interpretation and application of shear vane 
data need to be assessed separately as well as co llec tive ly . The assess­
ment may be carried out q u a lita tive ly  by testing in tu ition  and 
quantitatively by a programme o f research. This thesis describes work 
which has made a contribution to this assessment.
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APPENDIX I
THE DEVELOPMENT OF A CONTROL SYSTEM FOR THE STUDY OF TESTING RATE
IN THE IN-SITU SHEAR VANE TEST.
L1 THE PRINCIPLE; OF A CONTROL SYSTEM
1.1,1 The process controller
The process controller is an electronic device in which a 
reference signal may be set. This signal is  compared with a feedback 
signal and the error or difference between the two signals is determined. 
The process controller is able to distinguish both the magnitude and 
polarity of the error signal (Menzies et a l9 1977).
Based on the magnitude of this error signal and its  po larity  the 
process controller drives a system.
The system is so designed that its  response to the signal from 
the process controller is measured by a recording device such as a 
transducer which generates a feedback signal that is analysed again 
by the process controller.
This operation completes a control loop as the feedback signal 
is compared with the reference signal generated by the process controller 
and the process is repeated.
The system is driven until the error signal is eliminated or is 
reduced to within certain tolerance lim its .
The reference signal may be either of constant magnitude or 
increasing lin early  with time or varying in some other way, e.g. 
sinusoidally. An increasing reference signal with time is achieved 
by means of a linear time-varying ramp function. This is generated 
by increasing a signal calibrated to the engineering units required, 
with respect to time (Menzies and Sutton, 1980). The generation of the
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reference signal required to control a shear vane test at 1 /min is 
shown in Fig. 1.2. In this case 1 degree is represented by 10 m Volts.
TRANSDUCERSERVOMECHANISM
PROCESS CONTROLLER
FIG. 1.1: DIAGRAMMATIC REPRESENTATION OF A CLOSED 
CONTROL LOOP.
Fig. L I  shows diagrammatically a closed control loop. The arrows 
indicate the direction of the signals.
A closed control loop by defin ition controls a system which 
generates its  own feedback signal. The feedback signal is generated 
as a consequence of the system being driven and the magnitude of 
a pre-set tolerance level in the error signal determines how smoothly 
the system operates.
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F I G . 1 . 2 :  RAMP REFERENCE S IG N A L  TO CONTROL 
A VANE TEST AT 1 ° /M IN .
1.1.2 The Servomechanism.
The servomechanism is the part of the system which responds to 
the drive signal from the process contro ller. I t  drives the system in  
such a way as to continuously reduce the error differences between the 
reference and feedback signals.
In the case of the automatic shear vane test the servomechanism 
was a motor driving the torque head. The feedback signal was generated
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in two ways depending on which type of test was being run. They were
1. from the tachogenerator mounted behind the motor. The details of 
the pulse generation are discussed in section I . 2 .2 .4 .
2. from the linear variable displacement transducer ind irectly  measuring 
the torque on the torque-head. The operation of this instrument is 
discussed in section 1 .2 .2 .2 .
1.2 THE AUTOMATIC SHEAR VANE TEST SYSTEM
1.2.1 The general concept of the system
Fig. 1.3 shows the equipment used in the automatic test system set 
up in the laboratory for the purpose of calibration.
An automatic shear vane testing system was required which could 
drive a shear vane at a predetermined rate of rotation or rate of 
torque increase so that the influence of time or the rate of testing on 
the results of the shear vane test may be examined.
As the test program was undertaken on a s ite  where there was no 
power and where l i t t l e  protection from the weather was available , the 
equipment was required to be robust and independent of any external 
power source.
The system comprised the following items which may be iden tified  
in Fig. 1.3. and Fig. 1.5.
A .- A modified Leonard Farnell torque head model no. 274 and stand.
B .- Variable speed motor to drive the torque head.
C.- Twelve vo lt d irect current power supply and inverter.
D .- Data logger.
E .- Linear variable displacement transducer for torque measurement.
F .- Process co ntro ller..
The strain and torque controlled tests that were undertaken at the 
Brent Knoll t r ia l  embankment s ite  are discussed in Chapter four and the 
results presented in Chapter fiv e . In order to achieve the degree of 
accuracy required during the tests the system had to conform to the
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following specification:
1. All units making up the system were to be robust and able to operate 
in temperatures between 10°C and 30°C.
2. The system was to operate in a damp environment and not to be 
damaged by a lig h t d rizz le , as no power was available.
3. The system was to be powered by 12V D.C. batteries which may be 
recharged.
4. The duration of the long term tests exceeded 55 hours. The equipment
was required to operate within a 0.1% tolerance lim it throughout
this period.
5. In the event of the testing rate deviating from the specification, 
the system was to be adjusted easily to re c tify  th is .
6. The LVDT measuring the torque was to be stable, and not d r i f t  with
time or temperature by more than t  0.2% over the working range of
2 vo lts. An independent check was required to determine the torque 
and to assess the d r i f t  on the LVDT.
7. In the event that the LVDT drifted  the signal was to be calibrated
easily during a test to maintain the accuracy of measurement
( i  0.2% of fu ll range).
8. The data logging was to be versatile and scanning to be rapid (0.5  
seconds/channel). The scanning interval was required to vary 
between one scan per minute to one scan per hour in one minute 
in tervals. A fa c il i ty  for continuous scanning was also required.
9. Via LED (lig h t emitting diode) displays the torque measured at the
head, the rotation at the vane and the rotation at the head were
to be exhibited continuously,during the test.
10. In the event that tests were to be done at various depths, an 
adjustment fo r the change in tw ist in the rods to determine the 
absolute rotation of the vane was to be available.
11. The equipment was to be modular, transportable, assembled and 
disassembled by one man.
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FIG. I . 3 s  AUTOMATIC SHEAR VANE EQUIPMENT SET 
UP IN THE LABORATORY.
FIG. 1 . 5 :  VANE TORQUE HEAD AND MOTOR.
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1 .2 .2  The equipment
1.2.2.1 The process-controller
The process-controller formed the central unit in the system which 
generated the test-path , controlled the servomechanism and monitored 
the results from the tests.
The process controller was required to operate in three d ifferen t
modes.
1. Control a constant rate of rotation tes t.
2. Control a constant rate of torque test.
3. Control a constant torque test.
Fig 1-4 shows the layout of the process-controller console which 
included the following controls and displays: (re fe r to Fig. 1-3).
A -  Power on/off switch 
B -  Motor drive on/off switch.
C -  Time varying ramp run/reset control.
D - Test control mode selector switch 
E -  LED display of torque in N-metres 
F -  LED display of rotation in degrees/min.
G - Selector switch to display on F rotation at torque head or vane
H - 3 Unit d ig ita l switch to set constant torque level
1 - 3  Unit d ig ita l switch to set rate of rotation or rate of torque
increase in deg/min. and N-M/min. -
0 -  Calibrating potentiometer to set compensating signal fo r tw ist 
in the rods.
K -  Zero and span calibrating potentiometer fo r LVDT
L -  Lamps to indicate mode of control in operation during a test
M - Lamp to indicate whether motor is running 
N - Spare lamps
The control was designed to incorporate a ll the controls that 
would reasonably be required e ither prior to or during a te s t. The 
switches and displays are labelled and self-explanatory.
The operation and calibration of the process controller are
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d e a lt w ith  in  sections 3 and 4 re s p e c tiv e ly .
I . 2 .2 .2  The torque head and l in e a r  v a r ia b le  displacement transducer
A standard Leonard Farnell type 274 torque head was modified for 
use in the system. The torque head, which is normally driven by hand 
through a worm gear with a gear reduction of 100:1 was adapted to 
mount an e lec tric  motor opposite the handle so that the vane may be 
power driven.
In addition to the standard dial gauge (0.002 mm per division) 
measuring the deflection of the torque rod lever arm, an LVDT was 
mounted above and paralle l to the dial gauge to give an analogue 
signal which was calibrated against a known torque and the dial gauge. 
(This is dealt with in greater detail in section 1-4 on ca lib ra tion .) 
The torque head arrangement including the motor and LVDT is seen in 
Fig. 1-5.
The torque was applied to the shear vane which was previously 
calibrated via a torque rod. The rod was mounted within a rig id  
outer casing by means of low fr ic tio n  ball bearings at its  top and 
bottom. The twist in the torque rod was measured by the d iffe ren tia l 
movement of two lever arms, one attached at the top of the torque rod, 
the other at the bottom. The dial gauge and LVDT were attached to the 
one lever arm, whilst the dial gauge arm and armature of the LVDT bore 
up against the other lever arm. This detail is seen in Fig. 1-5.
In order to accommodate a wide range of torques including 
measurements in s t i f f  fissured clays (Su >100 kpa) and to ensure high 
sensitiv ity  of measurement when testing weak clays (Su < 20 kpa), three 
torque rods having three d ifferen t capacities, were designed and 
supplied with the torque head.
Torque Rod Torque Range
Su using 
70x140 mm vane
standard capacity 
high capacity 
extra high capacity
0-120 N-M 
0-180 N-M 
0-240 N-M
0- 99 kpa 
0-148 kpa 
0-198 kpa
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Although these rods were available for use, i t  was found practical 
to use only the extra high capacity torque rod in the torque head during 
the test program at East Brent., The LVDT was capable of measuring the 
torque to 0.005 N-M corresponding to a mobilised shear strength of 0.004 
kpa on the extra high capacity torque rod, so the sensitiv ity  of the 
measurement by the equipment was maintained. The main advantage of 
keeping one torque rod in the torque head throughout the test program 
was that i t  would not be necessary to recalibrate the equipment in the 
f ie ld  every time a torque rod was changed.
A lin ear variable displacement transducer was mounted above and 
paralle l to the dial gauge. This is  shown in Fig. 1-5. Both the dial 
gauge and LVDT were mounted on a lever arm attached to the bottom of 
the torque rod, whilst the extension rods of the gauges reacted against
the lever arm attached to the top o f the torque rod.
The LVDT was a D5/200 AG gauging LVDT produced by RDP electronics
and conformed to the following specifications:
Linearity - better than B .S .I. grade A
Typical S ensitiv ity  -  2mV/V/0.001"
Repeatability -  within 10 microinches
Quadrature Component -  <f> approximately tan“  ^ 0.1
Temperature Coefficient -  less than 0.01%/°C
of Sensitiv ity
Temperature Range -  -20°C to + 85°C
The working range is t  5mm about the mechanical zero of the LVDT. 
The maximum deflection which was required, using the extra high 
capacity rod, assuming a measurement of 100 N-M was 1.77mm. The LVDT was 
set on its  mechanical zero when orig ina lly  calibrated, and i t  was found
that the loss of lin e a rity  within the working range was less than 0.05%.
The probe is spring mounted and fixed in line by means of a low 
fr ic tio n  bearing. This eliminated the error due to the la tera l 
movement of the probe in the body of the transducer. The positive spring 
action ensured that the probe remained in contact with the reaction lever 
arm at a ll times.
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The end of the probe is f it te d  with a low fr ic tio n  rotating b a ll. 
This eliminated any side fr ic tio n  effects on the action of the LVDT as 
i t  moved across the plane of the reaction lever arm. This movement, 
however small, was inevitable.as the LVDT was rig id ly  fastened to the 
level arm and did not rotate. Therefore a narrowing of the angle between 
the lever arms would cause the end of the probe to move rad ia lly  on the 
reaction lever arm.
The D5/200 AG LVDT was energised by a 5V r.m .s. @ 5KHz supply, which 
was conditioned from a!5 vo lt D.C. supply by an oscillator-demodulator 
to give a smoothed D.C. output, a signal which was proportional in 
magnitude and related in sign to the displacement o f the transducer 
armature from the zero position.
This type of LVDT was chosen since the design minimised the 
influence of supply voltage variations on the level of the output 
signals and provided good long term s ta b ility  and r e l ia b i l i ty .
I .2 .2 .3  The Data Logger
A Solartron compact logger 3430-B was used to log a ll  the data 
from the fie ld  tests. This data logger was chosen for its  p o rta b ility , 
f le x ib i l i ty  in operation and independence from any power supply.
The datalogger had a 999 day clock with a long term s ta b ility  
of better than 0.03% or having an error less than 3 hours per day.
The clock may be set to a specific date and time, where a fte r  the date 
would be incremented every day.
The keyboard on the console allowed the datalogger to be programmed 
to monitor and record specific channels at any scanning intervals  
required. I t  has a scanning speed of 4 channels/second.
Once the datalogger was programmed to scan the nominated channels 
at the required scanning interval this information was stored until such 
time as the test was to be seen. At the beginning of a test the program 
was started.
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At any time during a test and between scanning, the datalogger 
may be commanded to display on the LED display any analogue signal 
being monitored. The internal dry lead-acid batteries may be removed 
during a test between scans i f  they were required to be charged. A small 
nick!e-cadmium internal battery maintained the logic in memory.
The output from the datalogger was on a paper tape prin t-out 
giving for each scan.
1. date and time of scan;
2. the number of each channel;
3. the value of the analogue signal measured on that channel;
4. the units of the analogue signal ( i .e .  Volts, m V o lts ).
The sensitiv ity  of measurement was lOyV with an autoranging fa c i l i ty  
from 0 to 11 volts. The scaling of the analogue signals to represent 
torque and rotation allowed the following accuracy of measurement taking 
into account a 10yV sensitiv ity .
units mV per unit accuracy in units
Torque in N-M 20mV 0.0005 N-M
Rotation in degrees lOmV 0.001 degrees
This accuracy was by fa r  in excess of the requirements or 
expectations of the system considering the re la tive  coarseness of 
measurement expected from the torque-head and mechanical linkage 
to the vane.
I . 2 .2 .4 Variable speed motor to drive the torque head
An Engel type GNM 2145T 1.11 motor was used to drive the torque 
head. I t  had the following specification
maximum speed : 6000 rpm
voltage : 12 vo lt DC
power : 11 watt
gear ra tio  (type G5) : 41160 : 1
maximum torque : 500 Newton centimetres
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The arrangement of the motor and torque head is seen in Fig. 1.5. 
The worm gear mounting was adopted to receive the motor on the side
opposite to the handle. The motor was connected to the worm gear by
means of a keyed fle x ib le  coupling which could be loosened to allow
the worm to be rotated by hand.
The motor was capable of delivering a high torque at a low speed. 
This ensured that the long term tests carried out at very slow rotation  
rates maintained a smooth rotation rate throughout the tes t.
Assuming an 85% efficiency through the reduction gear box and worm 
gear, the motor was able to deliver approximately 425 N-metres. The 
maximum recorded torque during the test program was 71.8 N-metres (tes t 
6B).
The motor was driven by a variable 12 vo lt power supply from the 
process contro ller, and acted as both servomechanism and source of feed­
back signal in the control loop.
A tachogenerator mounted on 1 rear of the motor generated 4 
d ig ita l pulses per revolution of the motor armature. These pulses were 
counted and stored in an integrator. Thereafter they were converted 
into an analogue signal by a digital-analogue converter.
The signal from the tachogenerator formed the feedback signal in 
the control loop during rotation controlled tests.
This signal was recorded by the data-logger and also scaled into 
engineering units and displayed on the console of the process controller 
by a lig h t emitting diode display.
I . 2.2.5 The twelve vo lt d irect current power supply and inverter
Power for the system was supplied from 2 x 12 vo lt 70 ampere hour 
lead accumulators in parallel c irc u it. The battery c irc u it was connected 
to a 12 vo lt D.C./220 volt-50 c .p .s. A.C inverter which provided the 
A.C. power supply to the system. The process controller was designed to 
operate on a 220 vo lt A.C. power supply for two reasons,
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a. I t  was suitable for use in a laboratory using on-line power
b. A 220 vo lt A.C. supply was more stable and less susceptible to 
loss of voltage as the available battery power decreased.
The only apparent disadvantage of the inverter was the 
rectangular wave form i t  produced instead of a sinusoidal wave 
form when generating the alternating current.
To overcome any damage to the-D.C. .c irc u it of the transformer 
due to the excessively long period of A.C. current produced at the 
peak of every signal a heavy duty transformer was incorporated in the 
input side of the process controller.
The power supply was arranged so that the system could operate 
on either battery at any one time. This enabled the batteries to be 
changed without interruption to the test.
The process controller and motor required approximately 5| amps 
to operate. Two accumulators in parallel provided power fo r 24 hours 
before they required change-over to fu lly  charged batteries. A heavy 
duty "S tarta!!" charger housed in a motorway maintenance depot 4 miles 
away was used to recharge the batteries.
1.3 THE OPERATION OF THE SYSTEM
1.3.1. Strain-controlled tests
The process controller monitoring system and control loop for the 
strain-controlled tests is shown schematically in Fig. 1.6.
Tests were conducted at rotation-rates varying from 1 deg/min. 
to 0.006 deg/min. The rate of rotation required was dialled on a 3 unit 
dig ita l switch on the console of the process-controller. The ramp was 
reset to zero and the correct calibration factor set to compensate for 
the tw ist of the rods (see section 1 .4 .2 ).
The mode was selected and the ramp and motor in it ia lis e d .
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FIG. 1.6: THE PROCESS CONTROLLER MONITORING SYSTEM AND 
CONTROL LOOP FOR STRAIN CONTROLLED TESTS.
The correct rotation rate was maintained by the rotation control 
operation mode in the process controller increasing the reference signal 
by means of the linear time varying ramp function. The feedback signal 
was provided by the integration of the pulses from the tachogenerator.
1.3.2 Torque controlled tests.
The monitoring system and control loop for the torque controlled  
tests was the same as that shown in Fig. 1.6 except that the source of 
the feedback signal was the LVDT which monitored the torque being applied 
by the torque head.
The same procedure was followed to in it ia lis e  the torque-controlled 
tests as was used to in it ia lis e  the rotation-controlled tests.
Two d ifferen t operation modes were selected for the torque-controlled  
tests. They were:
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1. Torque rate control mode which generated fa- linear time varying 
ramp reference signal which was calibrated to the required rate of
itorque increase, 
and
2. Constant torque control mode which maintained a pre-determined 
constant reference signal which had been dialled on the d ig ita l 
switch.
1.4 CALIBRATION OF THE EQUIPMENT
1.4.1 Calibration of the process-controller
The feedback signals from the two sources v iz .
1. The tachogenerator measuring the rotation, and
2. The LVDT measuring the applied torque^were calibrated in terms of
engineering units in the following way.
measurement units in Volts/units
torque N-metres 20 mV
rotation degrees 10 mV
The feedback signal from the tachogenerator was calibrated by 
running the motor fo r periods in excess of one hour and observing the 
magnitude of the signal being recorded. The signal was then scaled 
by means of a potentiometer located in the c irc u it.
The feedback signal from the LVDT was in i t ia l ly  set by means of 
locating i t  in position and loading the torque-head with cantilevered 
dead weights. In this way the LVDT and dial gauge were calibrated, 
against each other and the signal scaled by means of a potentiometer 
within the c ircu it of the process controller. An external potentiometer 
and set screw were provided to reset the zero and span of the LED display. 
These are shown in Fig. 1.4 marked K.
The linear time varying ramp functions which were set in terms of
engineering units using the d ig ita l switches marked H and I in Fig. 1.4
were in itia lis e d  and run for long periods prior to being scaled by means
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o f potentiom eters w ith in  the c i r c u i t  o f the process c o n tro lle r .
All the internal potentiometers were locked with sealants a fte r  
they had been set.
1 .4 .2 . Compensation for twist in the rods
As the torque was increased during a shear ivane test the torque 
rod and vane rods extending into the ground were subjected to a degree 
of tw ist. Due to this tw ist the exact orientation of the vane blades 
about the vertical axis was normally not known at any time during the 
tes t.
The tw ist on the torque rod was calculated from the calibration  
sheet and the dead-load calibration conducted in the laboratory. The 
tw ist in the vane rods (each 1 metre long) was determined from the 
elastic  relationship between the applied torque and the angle of tw ist 
in a hollow rod. The dimensions of the rods were measured accurately 
and the shear modulus for stainless steel adopted in the equation.
The compensation for the tw ist in the rods was incorporated in a 
separate c irc u it in the process contro ller. This c irc u it scaled the 
signal from the LVDT measuring torque to represent tw ist in the rods 
and subtracted i t  from the feedback signal from the tachogenerator.
This adjusted signal was then recorded on a separate channel in the 
datalogger.
The calibration fo r the torque rod was b u ilt  into the compensating 
c irc u it but the compensation for the vane rods was set on the potentio­
meter provided on the console of the process-controller. As the number 
of vane rods used was not changed during the test period this  
calibration was not altered.
1.4.3 Calibration of the torque-head and linear variable displacement 
transducer
The torque head was placed in the stand and clamped horizontally  
on a bench in the laboratory. A j ig  was fabricated to support a
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cantilever and hanging weights which attached to the rod extending from 
the underside of the torque-head.
The j ig  supported the short length of rod from the torque head in 
a bearing lined with PTFE to reduce fr ic tio n  with the cantilever arm 
set horizontally for a ll calibration measurements.
The system was loaded to 200 N-M twice before any calibration was 
done to test for any hysteresis e ffec t on the torque rod. There was no 
evidence of hysteresis. However, the determination of the point of zero 
torque was d if f ic u lt  due to the slack in the mechanism of the torque- 
head. The zero was determined to within 0.25 N-M in each case (5mV).
The torque rod was found to conform to the specification sheet 
issued by Leonard Fame!! & Co. A 0.5% error was determined when the 
torque head was loaded to 100 N-M. A constant check was made to 
ensure no fr ic tio n a l resistance resulted from the PTFE bush.
The dial gauge and LVDT calibration showed no apparent loss of 
lin e a rity  over the working range required for the tests (0 -  1.77 mm 
on the dial gauge; 0 -  2V on the LVDT).
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MEASUREMENTS OF SHEAR VANE STRESS DISTRIBUTION USING AN
INSTRUMENTED VANE
I I . 1. Design of the Vane
This Appendix describes the design, construction and use-of the 
instrumented vane to measure the shear stresses on the edges of a 
rectangular shear vane blade.
In order to achieve the greatest sensitiv ity  in the output of 
the data, i t  was decided to use as large a vane as was possible to 
construct and use in the laboratory. A vane with dimensions of H =
240mm and D = 120mm and having a blade thickness of 6mm was made up
using stainless steel. The vane rod was a standard 15mm diameter
stainless steel hollow rod.
The shear stress acting on the edges of the blade was monitored
by sets of closely f it t in g  cantilevers which were equipped with s tra in - 
gauges.
In order to accommodate the cantilevers, two opposite blades 
were offset from the centre of the rod by 5mm. These two blades were 
cut down by 20mm, one on the horizontal edge and the other on the 
vertical edge of the vane blade, to allow the cantilevers to project 
to the fu ll radius of the blade. The other two opposing blades were 
welded into th e ir normal positions.
The cantilevers, which were made from aluminium a lloy and measured 
3mm deep by 5mm wide, were mounted on to the backing plate at 6mm 
centres by two brass screws which fu lly  penetrated the p late. The 
cover plate protected the wiring from the strain-gauges before they 
entered the vane rod.
The wiring from the strain-gauges on the cantilevers was led 
up the inside of the vane rod to two multi-connector junctions,
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approximately one metre up the rod. The junctions were coupled to 
leads from the data logger. All the wires were colour coded to 
eliminate confusion during in s ta lla tio n .
The general arrangement of the instrumented vane is shown 
in Fig. I I . 33.
I I . 2. CONSTRUCTION OF THE CANTILEVERS
The cantilevers were made 37mm long, 5mm wide by 3mm deep.
The centre-line of the fo il strain-gauge was placed 15mm from the 
free end of the cantilever.
The deflection of the cantilever, which was assumed to be 
proportional to the shear forces acting on the free end, was measured 
by two fo il strain-gauges adhered to the metal, connected in the 
formation of a ha lf bridge (see Fig. 11.33)
Showa fo il strain-gauges, type Nil-FA-8, were used, having 
the following specification:
A v a ila b ility , size and cost combined to dictate the use of these 
strain-gauges.
To ensure that the gauges did not creep on the metal, the 
following system was devised to adhere them to the cantilevers.
1. The cantilever was washed in trichloroethylene and the 
top film  of metal roughened s lig h tly .
2. The cantilever was then washed in decol and d is tille d  
water, a fte r which i t  was boiled in d is tille d  water.
gauge length 
resistance 
gauge factor
8mm
119 ohms 
2 . 12
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3. I t  was dried in a hot oven (80°C) without being touched 
on the areas where the strain-gauges were to be fixed.
4. After cooling s lig h tly , the strain-gauges were applied 
to the prepared surfaces.
The adhesive used was Loctite IS 496 cyanoacrylate adhesive, 
which was chosen fo r its  low body content and r e l ia b i l i ty .  A very 
small amount was spread over the surface and the strain-gauge was 
fixed in accordance with the manufacturers' instructions.
The strain-gauges were f in a lly  encapsulated with GC 101 resin 
and allowed to cure. Although the strain gauges themselves were 
encapsulated, connectors from the gauges were bare. In order to 
prevent these connections shorting onto each other, the cantilever 
or the metal of the blade, they were insulated, using the p lastic  
covering from a very thin single strand wire which was gently s lid
over the connection. The wires were then soldered onto the connector
blocks placed behind each cantilever. These were adhered to the blade
with Loctite IS 496.
H .3 . DATA LOGGING AND CALIBRATION OF THE STRAIN-GAUGES
The complete drive and data-logging system is shown in Fig. 3.39 
in Chapter 3.
The data-logging system comprised the following equipment: 
i )  Solartron data transfer un it, incorporating:
a) scanner controller
b) paper-tape controller
c) interface
d) output driver
e) power supply
i i )  Solartron A210 d ig ita l voltmeter
i i i )  Facit paper tape punch
iv ) Solartron 3317 strain-gauge power supply
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v) Solartron bridge connectors with balance and scale 
adjustment, 
v i) Solartron compact data-logger.
The vane i ts e l f  was controlled and driven by the process- 
controller system described in Appendix I .
Although the data transfer unit had a fa c il i ty  to measure micro 
strain d irec tly , this refinement was not considered necessary as each 
cantilever was calibrated prior to each test by means of hanging 
dead loads from its  free end. The out of balance voltage measured on 
the data transfer unit could then be d irectly  related to an equivalent 
shear force acting at the end of each cantilever. After each test the 
cantilevers were recalibrated.
Since a ll the cantilevers were constructed of the same materials 
and to the same dimensions the deflections of each would be of the same 
order and proportional to the shearing force being applied at the time. 
The cantilevers on the blade edge would then approximate a fle x ib le  
but continuous blade edge.
I I . 4. PREPARATION FOR AN EXECUTION OF A TEST
The shear vane torque head, stand and instrumented vane were 
placed carefully on top of the sand container which measured 450mm 
by 450mm by 450mm. The bottom of the vane was set approximately 
25mm from the base of the container (see Fig. 3.39).
The fine Leighton Buzzard sand was poured into the container 
using three tins with bottoms perforated with a grid of 1mm diameter 
holes. The sand was allowed to pass through a set of two d iffuser  
screens which resulted in a fine rain of sand particles into the 
container. I t  was attempted at a ll times to keep the level of the 
sand poured into the containter horizontal. This was to prevent the 
sand from forming heaps, shearing on the slopes, d ilating  and 
resulting in small pockets of less dense m aterial.
Once the container had been f i l le d  i t  was surcharged with two
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layers of bricks and one layer of steel bars of known mass. These 
were arranged in such a way as to create a uniformly distributed  
load over the whole surface of the sand equivalent to 0.5m height 
of sand f i l l .
The scanning of the strainr-gauge output was rapid so that the 
test was not interrupted as the process controller was in itia lis e d  
and the test commenced. The scanner was triggered at 30-second 
intervals throughout each te s t. In each case the test continued 
past the mobilisation of maximum torque.
The recorded data were decoded on a paper tape reader and stored 
on magnetic tape using a Hewlett Packard 9825A desk-top computer.
The normalised shear stress distributions for the tests in the 
Leighton Buzzard sand are shown in figs . 11.1 to 11.32. Only a selection 
o f shear stress distributions at various angles have been displayed, 
although many more distributions were monitored and recorded during 
each test
The graphical representations of the equivalent shear stress 
distributions have been arranged in groups of 4. This is designed to 
show the development of the distributions and the best f i t  curves 
describing the distributions for the horizontal and vertical shear 
stresses on the blade edges.
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APPENDIX I I I
THE DEVELOPMENT OF AN APPROXIMATE CORRECTION FOR THE 
INFLUENCE OF STRENGTH ANISOTROPY ON CONVENTIONAL SHEAR 
VANE MEASUREMENTS USED TO PREDICT FIELD BEARING CAPACITY 
WHERE THE FAILURE SURFACE IS NON-CIRCULAR
A sim plified bearing capacity configuration shown in f ig . I I I . ]  
is considered.
N=R'/L
d a !
FIG.III.1 : SIMPLIFIED BEARING CAPACITY CONFIGURATION 
FOR THE DETERMINATION OF JUa, ANISOTROPY 
CORRECTION FACTOR FOR NON-CIRCULAR 
SLIP SURFACES.
In order to make an assessment of the influence o f strength
. a n ,  . . . ,
anisotropy on the bearing capacity analysis sim ilar to that given
by Raymond (1967) and Menzies (1976) is developed. The so il is
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regarded as weightless and is assumed to fa il  on a surface which is 
non-circular.
The shape of the non-circular fa ilu re  surface is conveniently 
described by a factor N;
N = R/L (see f ig . I I I . 1)
where R*■ = radius of c ircu lar arc fa ilu re  surfaces at the
extremities of the s lip  and,
L = length of the non-circular section of the s lip
surface.
I t  is assumed that the undrained shear strength on any plane at 
an angle a to the horizontal may be described in terms of SuH, the 
strength in the horizontal plane, and SuV, the strength in the vertical 
plane by the following expression
Sua = SuH (1 + ( R - 1 ) c o s 2cx) I I I .1
where R = SuV/SuH
is the degree of undrained strength anisotropy (Timoshenko, 1934; 
Casagrande and C a rrillo , 1944; Menzies and Mailey, 1976).
The object is to determine the bearing capacity assuming the 
soil is in the f i r s t  instance anisotropic and in the second instance 
isotropic.
Taking momentsl about one of the centres of rotation and 
integrating Sua over the whole length of the fa ilu re  surface the
bearing capacity for anisotropic soil is obtained
qa = SuH(Ne(R+l)-N Sin2e (R -l)+ l+  Sine+ (R -l) Sin3e)
2 3
Sine (1+N Sine)
2
. . . .  I I I . 2
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This is d ifferen tia ted  to obtain the minimum bearing capacity, 
which gives
tan e (1+N Sine/2)
V I I I . 3
(T+N Sine)
where v = 6Ne(R+l)-3N Sin2e (R-p+6+6 Sine +2(R-1) Sin3e
6(N(R+l)-Cos2e (R -l)+  Cose + (R-1) Sin2e Cose)
I I I . 4
To determine q i , the bearing capacity for the isotropic case i t  
is assumed that SuH = SuY = Su and R = 1.
Equation I I I . 2 then becomes
q - j  = Su (2Ne +1+ Sine) I I I  5
Sine(1+N Sine)
2
The minimum bearing capacity condition for the isotropic soil 
is obtained by considering the isotropic case in equation I I I . 3 and
I I I . 4, which reveals
For the c ircu lar arc fa ilu re  surface case ( i .e .  N ■*») th is  
equation reveals
6 *  67°
which, when substituted into equation I I I . 5 reveals
tan e (2 + N Sine) 
2 (1 + N Sine)
2 Ne + 1 + Sine 
(2 N + Cose)
I I I . 6
5.52 Su I I I . 7
(Menzies, 1976)
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The torque measured on a rectangular shear vane having a height, 
H and diameter, D rotated about a vertica l axis may be given as
ttD3 (2 R + 1/3) SuH I I I . 8
2
where H/q = 2
I f  the trad itional interpretation of the shear vane is considered, 
i .e .  R = 1 and SuH = Su (the isotropic case), the following 
relationship is found
T = 7ttD3 Su I I I . 9
From equation I I I . 8 and I I I . 9 a relationship between the equivalent 
"isotropic" strength and the strengths in the horizontal and vertical 
directions may be stated as
Su = 3 (2R + 1/3) SuH I I I . 10
7
(Menzies, 1976)
The expression for bearing capacity normally predicted from shear 
vane torque measurements can than be found by substituting this  
"isotropic" strength into equation I I I . 5
3 (2R+ 1/3) SuH (2N0 +  1 + Sine) T t t  n
^ vane) -  7 Sin ( U  NSine)------------- ------ L H I . l l
‘ . 2  . ; . .
By dividing equation I I I . 2 by equation I I I . 11 a factor Ua1 is  
obtained which corrects for the influence of strength anisotropy on 
conventional shear vane measurements used to predict f ie ld  bearing 
capacity assuming a non-circular s lip  surface.
Ua1 = -9?-------, 111.12q(vane)
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or
Ua
(Nea (R+1)-N Sin2ea (R -l)+ l+  Sinea + (R -l) Sin2ea) 
  2__________________________
St nea (1+N Sinea) 3 (2R + I / 3 ) K 
2 7
111.13
where K = 2 Nei + 1 + Sinei Sinei (1+N S inei) 
2
I I I .  14
6a and ei are to be determined from I I I . 3 and I I I . 6 respectively,
A family of curves for various values of R /i describing the 
relationship between the degree of anisotropy and the factor Ua1 is 
given in f ig . I I I . 2
1.6
Line
0.01 
0. 101 .4
10.0
100.0 
1000. 01.2  -
1.0  -
0.8  -
0 .6
0 .5 1 .5 2 .0
R«=SuV/SuH
111.2*-Relotionehip between Ua', Correction Factor For Non-Circular Slip Surfaces, 
and Degree of Anieotropy oF Undrained Shear Strength, R.
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APPENDIX IV
THE OBSERVATION OF DEFLECTIONS AND SHEAR STRAINS AROUND 
MINIATURE VANES USING A RADIOGRAPHIC TECHNIQUE
IV *1 DESIGN OF MODEL
This Appendix describes the design and execution of model 
tests to observe deflections and shear strains around a shear vane
during a test using radiography.
A model having fle x ib le  boundaries allowed a miniature vane 
to rotate in a dense fine d ila ting  sand. The vane was r ig id ly  held 
in its  axis of rotation while the angle through which i t  had been 
rotated could be read o ff a graduated scale.
The completed model on its  stand is shown in Fig IV. 25. The
sides measured 100mm by 100mm by 100mm and the vane i t s e l f  was. mounted
in the centre of the model (see Fig IV. 26.)
The model i ts e lf  was constructed using perspex and Teflon. Only 
the vane and vane shaft were of mild steel. Lead shot was embedded 
into the sides of the model at specific positions to act as a register 
so that radiographic plates might be correctly superimposed on each 
other.
The boundaries of the model were fle x ib le , allowing the sand 
to d ila te  during a tes t. The fle x ib le  material used fo r this purpose 
was a commercially available material sim ilar to a draught excluder. 
The inside surface was lined with smooth tape.
The fine sand was poured into the model only using a fine pourer 
to ensure maximum density and uniformity. I f  lead shot were to be 
used to determine deflections of the sand mass, these were placed 
once the level of the sand surface had reached the midpoint of the 
vane blades (see Fig IV .27). The lead shot were carefu lly  placed in 
a regular pattern using a template. The pouring then continued un til
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the sand surface was level with the top of the model. The end plate 
was then firm ly screwed into place. The model was then carefu lly  
placed on its  side in the X-ray machine so that its  axis of rotation  
was coincident with the direction of the path of the X-rays.
IV .2. THE X-RAY EQUIPMENT
The X-ray machine used was a Pantak industrial X-ray set which 
had as its  source a Dunlee Corp. tube with a focal spot of 0.3mm.
The X-ray equipment was capable of taking tomographs with a fu ll sweep 
of 50°. In order to soak up scattered radiation from the sand grains 
and the model, a thin la te ra lly  travelling  grid was mounted between 
the film  and the model.
The radiographic techniques adopted during these tests were 
based on the work of James (1972), Roscoe e t al (1963) and Arthur et al 
(1964).
The film  used for a ll the, radiographs was Kodak Industrex D.
Each plate was mounted in a case between two lead fo il screens. The 
front screen was approximately 0.1mm th ick, whilst the back screen 
was 0.15mm thick. This served to intensify the X-ray image.
The X-ray film  was exposed for 20 minutes in the case of s ta tic  
radiographs and 40 minutes in the case of tomographs. The development 
time was 8.5 minutes.
IV*3 DETERMINATION OF STRAINS USING LEAD PHOT ;
The shear strains resulting from the rotation of the shear vane 
were determined by the method of James (1972) using lead shot. The 
lead shot grid was divided into triangular elements with the lead shot 
as nodal points. From this configuration the magnitudes of shear 
strains in any direction could be determined along with the magnitudes 
and direction of the maximum shear strains.
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For each X-ray plate which corresponded to a specific rotation  
of the vane the positions of the lead shot were recorded and compared
to the positions of the corresponding lead shot on another X-ray
plate recording a d ifferen t incremental rotation of the vane. From 
the re la tive  movement of the lead shot, shear strains were computed 
and subsequent contours of shear strain were determined. The positions 
of the lead shot were recorded by means of a d ig itis ing  fa c il i ty  on
the Hewlett Packard 9872 p lo tte r and 9825A computer.
The results of the tests using diamond vanes are shown in th is  
appendix. A graphical plot of deflections of lead shot around the mid­
point of a rectangular vane during a test may be seen in Fig. 3.46,
Fig. 3.47 and Fig. 3.48. The contours of normalised principal shear 
strain in a plane normal to the axis of rotation of the vane at the 
mid-point of the vane blade may be seen in Fig. 3.49, Fig. 3.50 and 
Fig. 3.51.
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FIG IV. 1: DEFLECTIONS OF LEAD SHOT AROUND THE MID-POINT OF A 
20° DIAMOND VANE ROTATED IN LEIGHTON BUZZARD SAND.
• *
ROTATION OF VANE
• •  • • •  •  *
. •
0
•  '
0 * •
C •
9
4  * ’• # €
V  • •  ** T  \
\
\
•  • '  \ X  \ m 0
*  \
. •
%
0
•  •
> X
\  /  ✓ 0
• \
\ \  ✓ 0
# 9
I  -
• •  • 9 0»
•  • ♦ e *
FIG IV. 2: DEFLECTIONS OF LEAD SHOT AROUND TLE MID-POINT OF A
20° DIAMOND VANE ROTATED IN LEIGHTON BUZZARD SAND.
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FIG IV. 7: DEFLECTIONS OF LEAD SHOT AROUND THE MID-POINT OF A 
30° DIAMOND VANE ROTATED IN LEIGHTON BUZZARD SAND.
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FIG IV. 8: DEFLECTIONS OF LEAD SHOT AROUND THE MID-POINT OF A
30° DIAMOND VANE ROTATED IN LEIGHTON BUZZARD SAND.
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40° DIAMOND VANE ROTATED IN LEIGHTON BUZZARD SAND.
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45° DIAMOND VANE ROTATED IN LEIGHTON BUZZARD SAND.
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60° DIAMOND VANE ROTATED IN LEIGHTON BUZZARD SAND.
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FIG IV. 20: DEFLECTIONS OF LEAD SHOT AROUND THE MID-POINT OF A
60° DIAMOND VANE ROTATED IN LEIGHTON BUZZARD SAND.
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21: DEFLECTIONS OF LEAD SHOT AROUND THE MID-POINT OF A 
70° DIAMOND VANE ROTATED IN LEIGHTON BUZZARD SAND.
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70° DIAMOND VANE ROTATED IN LEIGHTON BUZZARD SAND. 
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70° DIAMOND VANE ROTATED IN LEIGHTON BUZZARD SAND.
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FIG IV. 24: DEFLECTIONS OF LEAD SHOT AROUND THE MID-POINT OF A
70° DIAMOND VANE ROTATED IN LEIGHTON BUZZARD SAND.
346
347
F
IG
.I
V
. 
2
5
.
F I G . I V . 26.
348
> 
ma
m
at.
FIG.IV. 27.
349
APPENDIX V.
FIELD VANE DATA.
350
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
RO
TA
TI
ON
 
in 
DE
GR
EE
S
90
U / C  l d e g / m i n  S / C
80 -
Head Rot at i on,
70 -
Vane Rotation,
60 •-
50
40 -
30 --
20 -
10
10 20 30 40
TIME in MINUTES
50 60 70 80 90
Tim© ~ R o t a t i o n  R e l a t i o n s h i p  f o r  T e s t  1A-
80
60 -
40 •-
H ead R o t a t io n
20 - V an e R o t a t io n
6040
ROTATION in  DEGREES
20 10080
FIG.V.1 *. Torcjue—R o ta t io n  R e la t io n s h ip  f o r  T e s t  1A
351
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
RO
TA
TI
ON
 
in 
DE
GR
EE
S
35
1 d e g / m i n  S / CU / C
30 - H Head Rotation
Van© Rotation,
25 -
20 -
15 -
10 -
5 -
3525 3015 20
TIME in MINUTES
Tim© ~ R o t a t i o n  R e l a t i o n s h i p  f o r  T e s t  IB
40
30 ■-
20 -
 ^ Head Rotation 
h Vane Rotation
10 -
20
ROTATION in DEGREES
30 40
FIG.V.2 :Torque-Rotation Relationship for Test IB
352
120 I—--------------- 1
I H n C  — 1 d e q / m i n  S / C
H e a d  R o t a t i o n  
V a n e  R o t a t i o n
(J) 80
40 60 80
TIME in MINUTES 
T i me ~ R o ta t  ion R e la t io n s h ip  f o r  T e s t  2A
. 120
50
LlI
:£
o  30 
h-
Hoad R o t a t io n  
_+ V a n * R o t a t io n
12010040
ROTATION in  DEGREES
60 8020
F1G.V.3 :Torque~Rotat ion Relationship for Test 2A
353
120
1 d e g / m i n  S / Cl H n C
100  -
CD
LjJ
LU
cz
CD 80 - 
LU
o
H e a d  R o t a t i o n
V a n e  R o t a t i o n
C
h 60 -
Z
oI—I
40 -h-
<
f—
o
cz 20
40 60 I
TIME in MINUTES 
R o ta t io n  R e la t io n s h ip  f o r  T e s t  2B
100 12020
T i me
60
LU 50 -
CZ
h-
40 -
Z
o
I—
LjJ 30 - 
Z
•H
20 -
LU
Z )a
cz
Head R o t a t io n
Vane R o t a t io n10 ■-
40 60 80
ROTATION in DEGREES
10020 120
FIG.V.4 :Torc]ue—Rotat i on Relationship for Test 2B
354
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
RO
TA
TI
ON
 
in 
DE
GR
EE
S
90
80 -
Head Rotation
70 -
Vane Rotation
60 -
50 -
40 -
30 -
20
10 -
9040
TIME in MINUTES
60 70 8010 20 30 50
Tim© “ R o ta t io n  R e la t io n s h ip  f o r  T e s t  3A
60
50 -
30 -
20 -
Head Rotation 
Vane Rotation10 -
30 40 50
ROTATION in  DEGREES
20 60 70 9080
FIG.V.5:Torque*~Rotation Relationship for Test 3A
355
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
RO
TA
TI
ON
 
in 
DE
GR
EE
S
90
1 d o g / m i n  S / C1 0 H r C00
H e a d  R o t a t i o n
V a n e  R o t a t i o n
60 -
50 -
40 -
30 -
20 -
10 -
907040
TIME in MINUTES
605020 3010
Tim© — R o ta t io n  R e la t io n s h ip  f o r  T e s t  3B
80
40 -
-jf Hoad Rotation 
_h Vans Rotation
20 -
10 20 30 40 50
ROTATION in DEGREES
60 70 80 90
F1G.V.6 :Torcjue-Rotat ion Relationship for Test 3B
356
120
1 d o g /m  i  n  S /C1 0 0 H rC
100  -
CO
LU
LU
CZ
(_D 80 -
LU
O
H e a d  R o t a t i o n
V a n e  R o t a t i o n
•h 60 —
Z
O
»— i
40 -
<
I—
O
CZ 20 -
100 12060
TIME in MINUTES
804020
Time — R o ta t io n  R e la t io n s h ip  f o r  T est  4A
80
CO
LU
60 -LU
O
LU 40
Hoad R o ta t io n  
—4. V a n * R o ta t io n
=> 20 a 
cz o
8040 60
ROTATION in DEGREES
20 100 120
FIG.V.7:Torcjue—Rotat ion Relationship for Test 4A
357
120
1 d e g / m i n  S / C2 H r C
100 -
CO
LU
LU
O '
CD 80 -
LU
Q
H e a d  R o t a t i o n
V a n e  R o t a t i o n
5 60 -
o
I— I
f - 40
20 -
12010060
TIME in MINUTES
804020
Tim© — R o ta t io n  R e la t io n s h ip  f o r  T e s t  5A
80
CO
CZ
60 -LU
O
h-
3:
LU 40 -
LU
ID 20 - a 
cz 
o
Head R o t a t io n  
Vane R o t a t io n
20 12040 60 80
ROTATION in DEGREES
100
FIG.V.8:Torcjue-Rotation Relationship for Test 5A
120
1 d e g / m i n  S / C2 H n C
100 -
CO
LU
LU
O'
CD 80 -
LU
O
Head R o t a t io n
Vane R o t a t io n
•H 60 -
i—i
40 -I—
<
h-
Ocr 20 -
12060
TIME in MINUTES
40 80 10020
Time — R o ta t io n  R e la t io n s h ip  f o r  T e s t  5B
50
O  30
LU
• H
-jf Head R o t a t io n  
V ane R o t a t io n
a 10 -
20 40 60
ROTATION in DEGREES
80 100 120
FIG.V.9:Torc|ue-’R o ta t io n  R e la t io n s h ip  f o r  T e s t  5B
359
120
1 deg/min S/C2 HnC
100 -
CO
LU
LU
cr
CD 80 -
LU
Q
Head R o t a t io n
Vane R o t a t io n
•H 60 -
I—I
40h-
<
I—
o
cz 20 ■-
12010040 60
TIME in MINUTES 
R o ta t io n  R e la t io n s h ip  f o r  T e s t  5C
8020
T i me
60
I— 
LU 
2
40 -
2
CD
h-
3=
LU
2
C
• H 20 -
LU
ZD
a
cc
CD
Head R o t a t io n  
Vane R o t a t io n
I—
40 60 80
ROTATION in DEGREES
120100
FIG#V.10:Torcjue“Rotation Relationship for Test 5C
360
150
0 . 6  d e g / m i n  S / C2 H n C
Head R o ta t io n
Vane R o ta t io n
CD 100 "
O
O
50
O
C£
250150 200100
TIME in MINUTES
50
Time “ R o ta t io n  R e la t io n s h ip  f o r  Test  6A
50
G£ 40 -
O  30 - 
I—
• H
Head R o t a t io n
10 - Vane R o t a t io n
I—
40
ROTATION in DEGREES
60 80 100 12020
FIG.V.11 :Torcjue-Rotation Relationship for Test 6A
361
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
RO
TA
TI
ON
 
in 
DE
GR
EE
S
0 .6  deg/min S/C2 H n C
100 - Head Rotation
Vane Rotation
75 -
50 -
25 -
200100
TIME in MINUTES
15050
Tim© “ R o ta t io n  R e la t io n s h ip  f o r  T e s t  6B
80 t
40 -
Head Rotation20 ■-
Vane Rotation
6040
ROTATION in  DEGREES
8020 100
FIG.V.12:Torcjue—Rotation Relationship for Test 6B
362
0 . 6  d o g /m  i  n S /C2 H n C
100 -
CO
LlI
LU
CZ
CD
LU 75 - 
Q
Head Rotation
Vane Rotation
C•H
50 -
i—i
h-
<
I—
CD 25 - 
CZ "
200100
TIME in MINUTES
15050
Tim© “ R o ta t io n  R e la t io n s h ip  f o r  T e s t  6C
50
LU
CZ 40 -
O  30 •- 
h-
LU
20 -
LU
3 _* Head Rotation 
Vane Rotation2  i0 - 
o
i—
60 1208040
ROTATION in DEGREES
10020
FIG.V,13:T orque -"Rotat. i on R© 1 at ionship for Test 6C
363
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
RO
TA
TI
ON
 
in 
DE
GR
EE
S
40
0 . 6  d e q / m i n  S / C2 H n C
Head Rotation
Vane Rotation
20 -
20 40 60
TIME in MINUTES
Time “ R o ta t io n  R e la t io n s h ip  f o r  T e s t  6D
60
50 ■-
40 -
20 -
Head Rotation
Vane Rotation
10 20
ROTATION in DEGREES
25 30 35
FIG.V.H.'T orqu e”Rotation Relationship for 'Test 6D
364
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
RO
TA
TI
ON
 
in 
DE
GR
EE
S
120
0 .0 6  deg/min S/C2HnC
100 - Head Rotation
Vane Rotation
80 -
60 -
40 -
20 -
3015
TIME in HOURS
20 25
Tim© “ R o ta t io n  R e la t io n s h ip  f o r  T e s t  7A
30
15 •-
10 -
Head Rotation
Vane Rotation
5 -
40 60 80
ROTATION in  DEGREES
20 100 120
FIG.V.1 5:Torque-Rotation Relationship for Test 7A
365
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
RO
TA
TI
ON
 
in 
DE
GR
EE
S
30
0 .0 6  deg/min S/C
25 - Head Rotation
Vane Rotation
20 -
10 -
5 -
TIME in HOURS
T i m© — R o ta t  i on R©1a t  i onsh i p f  or  T©st 7B
60
50 -
40 ■-
20 -
Head Rotation 
_ Vane Rotation
3 15 20
ROTATION in DEGREES
25 30
FIG.V.16:Torcjue—Rotat ion Relationship for Test 7B
366
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
RO
TA
TI
ON
 
in 
DE
GR
EE
S
30
0 .0 6  d e g /m in  S/C2HrC
25 - Head Rotation
Vane Rotation
20 -
15 -
10 -
5 -
TIME in HOURS
Tim© ~ R o ta t io n  R e la t io n s h ip  f o r  T es t  7C
40
30 -
Head Rotation
Vane Rotation
20 ■-
10 -
3010 20 
ROTATION in DEGREES
FIG.V.17:Torcjue—Rotation Relationship for Test 7.C
367
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
RO
TA
TI
ON
 
in 
DE
GR
EE
S
25
0.006  deg/min S/C2HrC
Head Rotation20 -
Vane Rotation
15 -
10 -
30 40 5010 20
TIME in HOURS
Tim© ~ R o ta t io n  R e la t io n s h ip  f o r  T est  8A
40
30 -
20 -
Head Rotation10 -
Vane Rotation
20 25
ROTATION in DEGREES
FIG.V.18 :Torcjue~Rotat i on Relationship for Test 8A
368
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
RO
TA
TI
ON
 
in 
DE
GR
EE
S
25
0 . 0 0 6  d e g / m i n  S / C2 H n C
Head Rotation20 -
Vane Rotation
15 -
10 •-
20
TIME in HOURS
30 40 50
Tim© ~ R o ta t io n  R e la t io n s h ip  f o r  T e s t  8B
40
30 -
20 -
Head Rotation 
Vane Rotation
10 -
20 25
ROTATION in  DEGREES
FIG.V.1 9:Torc]ue—Rotation Relat ionship for Test 8B
369
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
RO
TA
TI
ON
 
in 
DE
GR
EE
S
30
0 .124  deg/min S/C2HnC
Head Rotation
Vane Rotation
20 •-
10 -
4020
TIME in HOURS
3010
Tim© — R o ta t io n  R e la t io n s h ip  Tor T e s t  8C
60
50 -
40 -
20 -
Head Rotation 
Vane Rotation
3010 15
ROTATION in  DEGREES
20 25
FIG.V.20:Torque~Rotation Relationship For Test 8C
370
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
TO
RQ
UE
 
in 
NE
W
TO
N-
M
ET
RE
S
60
2 H r C  - 2. 7 N . M . / m i n  T / C
20 -
4020
TIME in  MINUTES
3010
Torque — Time R e la t io n s h ip  f o r  T e s t  9A
60
50 -
40 -
30 -
20
Head Rotation
Vane Rotation
30252010
ROTATION in DEGREES
FIG.V.21 :Torque“Rotat i on Relationship for Test 9A
371
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
TO
RQ
UE
 
in 
NE
W
TO
N-
M
ET
RE
S
60
2 H n C 2. 7 N. M. / m i n  T / C
40
20 -
10 20 
TIME in  MINUTES 
Time R e la t io n s h ip  f o r  T e s t  9B
30
T orque
50
40
30
20
Head Rotation
10 Vane Rotation
20 2510 15
ROTATION in DEGREES
FIG.V.22:T orque-Rotat i on Relationship for Test 9B
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
TO
RQ
UE
 
in 
NE
W
TO
N-
M
ET
RE
S
60
0. 2 7  N. M. / m i n  T / C2 H n C
40 -
20 -
TIME in  HOURS
Torque ~ Time R e la t io n s h ip  f o r  T e s t  10A
70
60 -
40 -
30 -
20 -
_* H«ad Rotation
Van® Rotation
10 -
4020
ROTATION in DEGREES
30
FIG.V.23:Torcjue-Rotation Relationship for Test 10A
373
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
TO
RQ
UE
 
in 
NE
W
TO
N-
M
ET
RE
S
60
0. 27 N. M. /m in  T /C2 H n C
40 -
20 -
TIME in  HOURS
Torque “ Time R e la t io n s h ip  Tor Test 10B
50 -H-
40 -
30
20 -
Head Rotation 
—t. Vane Rotation10 -
10 15
ROTATION in DEGREES
20 25
FIG.V.24:Torque~Rotat i on R e la t io n s h ip  Tor Test 10B
374
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
TO
RQ
UE
 
in 
NE
W
TO
N-
M
ET
RE
S
40
0 . 2 7  N. M. / m i n  T / C2 H n C
30 -
10 •-
TIME in  HOURS
Torque ""Time R e la t io n s h ip  f o r  Test 10C
40
30 -
20 -
Hoad Rotation10 -
Van® Rotation
2520
ROTATION in  DEGREES
FlG.V.25:Torque~Rotation R e la t io n s h ip  f o r  Test 10C
375
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
TO
RQ
UE
 
in 
NE
W
TO
N-
M
ET
RE
S
60
0 . 0 2 7  N. M. / m i n  T / C2 H n C
40 -
20 3010
TIME in  HOURS
Torque — Time R e la t io n s h ip  f o r  T est  11A
60
40 •-
30 •-
20 • -
Head Rotat i on
Vane Rotation
3 15 20
ROTATION in DEGREES
25 30 35
FIG.V.26:Tor cjue“ Rotat i on R e la t io n s h ip  For Test 1 1A
376
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
TO
RQ
UE
 
in 
NE
W
TO
N-
M
ET
RE
S
40
2'HnC - 0 . 0 2 7  N. M. / m i n  T / C
30 -
20  -
10 -
10
TIME in  HOURS
Torcj-ue “ Tim© R e la t io n s h ip  f o r  T es t  1.1B
40
30 -
20  -
- x - Hoad Rotation10 -
Vane Rotation
4525 35 4015 20
ROTATION in DEGREES
3010
FlG.V.27:Torcjue~Rotat i on R e la t io n s h ip  f o r  Test 1 1B
377
200
S/C2HrC
CO
LU
LU 150-
Head Rotation
Vane Rotation
CD
UJ
a
100 -
o
I—
50
4020
TIME in  MINUTES
10 30
Time ~ R o ta t io n  R e la t io n s h ip  f o r  Std Test
70
LlJ
40 -
30 -
• rH
_* Hoad Rotation
a
Vano Rotation
10 -
180140 16080 100 1204020 60
ROTATION in DEGREES
FIG.V.28:Tor qu©“ Rotat i on R e la t io n sh ip  f o r  Test Std Rate
378
TO
RQ
UE
 
in 
NE
W
TO
N-
ME
TR
ES
 
RO
TA
TI
ON
 
in 
DE
GR
EE
S
120
1 deq/itiin S/C
100 -
Hoad Rotation
Vane Rotation
80 -
60 -
40 -
20 -
20 40 60 80 100 1200
TIME in  MINUTES
Tim© ~ R o ta t io n  R e la t io n s h ip  For T est  Dummy
8 - Hoad Rotation
Van© Rotation
6 -
4 -
120100806040
ROTATION in DEGREES
20
FIG .V.29:Torque—R o ta t  i on R e la t io n s h ip  f o r  T est  DUMMY
379
MEASUREMENTS OF SHEAR STRESS DISTRIBUTION 
ON THE EDGES OF A SHEAR VANE BLADE
by
B. K. Menzies & C. M. M errifie ld  
University of Surrey
Since the two-bladed vane borer was invented over a half a 
century ago by John Olsson (Nordendahl, 1928; Bjerrum and Flodin,
1960; Flodin, 1979) various types of shear vane have been used as 
a f ie ld  method fo r measuring the undrained shear strength of 
saturated soft clays. From the early development and application o f 
the shear vane by Smith (1945), Carlsson* (1948), Skempton (1948),
Evans et al (1948), Vey and Schlesinger (1949), Cadiing* and Odenstad 
(1950), Evans (1950), Lea and Benedict (1953), Terzaghi (1953),
Bergfelt (1956), Andreson and Bjerrum (1957), Eden (1966), among 
others, the shear vane has become a widely used s ite  investigation  
tool which has been subject to c r it ic a l appraisal (e .g . Flaate, 1966; 
Bjerrum, 1972; Schmertmann, 1975; Donald et a l ,  1977).
The primary measurement carried out using a shear vane is of 
torque. The secondary measurement of soil strength is derived from an 
interpretation of this torque. I t  is commonly assumed that the 
rectangular blades of the conventional vane shear the soil on a 
circumscribing cylinder, mobilising an isotropic undrained shear 
strength of a soft clay uniformly over this surface of rotation when 
maximum torque is developed. The effects of anisotropy and progressive
* In  1949 Mr. Lyman Carlsson changed his surname to Cadling (Flodin, 1979).
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fa ilu re  are thus ignored specifica lly  together with the influence 
of testing rate. Accordingly, this leads to a disparity between the 
soil strength indicated from this interpretation of the vane and the 
strength mobilised by a f ie ld  fa ilu re  (Aas, 1965; Bjerrum, 1972).
The influence of anisotropy has been studied (Aas, 1967;
Brown, 1969; Richardson et a l , 1976; Menzies and Mailey, 1976;
Menzies, 1976; Menzies and Simons, 1977), the e ffec t of progressive 
fa ilu re  has been examined (Menzies and Mailey, 1976) and the question 
of testing rate has been considered (Skempton and Northey,1952;
Bjerrum, 1973; Wiesel, 1973; Perlow and Richards, 1977; Torstensson,
1977; Pugh, 1978).
Fundamental to any interpretation of the shear vane torque, 
however, are the assumptions made regarding the development, shape 
and size of the zone of shear together with the d istribution of shear 
stresses in the soil and on the vane blades. This note presents 
distributions of shear stress measured on the blades of an instrumented 
vane used fo r laboratory tests in sand and f ie ld  tests in clay.
A rectangular vane 120 mm wide and 240 mm long was made which 
enabled the loads on part of the vane blades to be measured (Fig. 1). 
Portions of two blades were made up of closely f i t t in g  cantilevers.
The cantilevers were f it te d  with fo il  strain gauges which were calibrated  
using dead weights to give equivalent shear forces on the ends of the 
blades. Tests were carried out in dense dry fine Leighton Buzzard sand 
in the laboratory and in over-consolidated saturated brown London clay 
in the f ie ld .
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The development of equivalent shear stress distributions are 
plotted in Figs. 2 and 3 for various angular rotations of the vane shaft, 
together with least squares regression curves f it te d  to normalised 
versions of the same data. In Fig. 4 these curves are re-plotted  
together with linear distributions and are scaled to give equal f i r s t  
moments of area about the axis of rotation. In this way the forms of 
distribution may be compared fo r the same shear vane torque.
The normalised distributions obtained fo r the vertica l blade 
edge had weak correlations owing to the scatter in the measured values 
of shear stress arising from layering in the soils (Fig. 2 ). Accordingly, 
the analytical assumption of any smooth distribution of shear stress w ill 
effec tive ly  integrate the variations present in real bedded so ils . The 
curves shown in Fig. 2 and Fig. 4 (a) are given only fo r the s im ila rity  
of the ir shapes to the distributions obtained an a ly tica lly  by Donald 
et al (1977).
The normalised distributions obtained for the horizontal blade 
edge had much stronger correlations because the measured shear stresses 
were mobilised in a uniform horizontal layer of soil (F ig. 3 ). These 
distributions shown in Fig. 3 and Fig. 4 (b) resemble those obtained 
analy tica lly  by Donald et al (1977).
Assessing the overall torque from the shear force measurements 
gave values within 10% of the torques measured at the top of the shear 
vane shaft, allowances being made fo r shaft fr ic t io n . Accordingly, most 
of the shearing resistance indicated by shaft torque arose from shear at 
the blade edges, while very l i t t l e ,  i f  any, indicated torque arose from 
soil d istortion in the sectors between adjacent blades.
This concentration of shear distortion in a band of shear 
a t the blade edges was confirmed radiographically. Using established 
radiographic techniques (Roscoe, Arthur and James, 1963) radiographs 
were taken of a laboratory model vane rotated in the sand. The sand 
container had non-rigid boundaries to allow for dilatancy. A photograph 
prin t from a radiograph is shown in Fig. 5 in which the development of 
the zone of shear may be seen as a lig h t band of d ila ting  sand sim ilar 
to that observed by Rush (1974).
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FIGURES
Fig. 1. The instrumented shear vane
Fig. 2. Development of equivalent shear stress on the vertical
blade edge for varying degrees of rotation
(a) measured
(b) normalised
Fig. 3. Development of equivalent shear stress on the horizontal
blade edge for varying degrees of rotation
(a) measured
(b) normalised
Fig. 4. Normalised and linear distributions of equivalent shear
stress scaled to give equal torque
(a) vertical blade edge
(b) horizontal blade edge
Fig. 5. Photographic p rin t of a radiograph of a model vane
rotated to 10° in dense fine sand. The round dark 
image is the shadow of the vane shaft.
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